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PREFACE

NASA has an interest in turbines related primarily to aeronautics

and space applications. Airbreathing turbine engines provide jet and

turboshaft propulsion, as well as auxiliary power for aircraft. Pro-

pellant-(triven turbines provide rocket propulsion and auxiliary

power for spacecraft. Closed-cycle turbine engines using inert gases,

organic fluids, and metal fluids have been studied for providing

long-duration electric power for spacecraft. Other applications of

current interest for turbine engines include land-vehicle (cars, trucks,

buses, trains, etc.) propulsion power and ground-based electrical
power.

In view of the turbine-system interest and efforts at Lewis Research

Center, a course entitled "Turbine Design and Application" was

presented (luring 1968-69 as part of the In-House Graduate Study

Program. The course was somewhat revised and again presented in

1972-73. Various aspects of turbine technology were covered including
thermodynamic and fluid-dyrtamic concepts, fundamental turbine

concepts, velocity diagrams, losses, blade aerodynamic design, blade

cooling, mechanical design, operation, aml performance.
The notes written and used for the course have been revised and

edited for publication. Such a publication can serve as a foundation

for an introductory turbine course, a means for self-study, or a

reference for selected topics. The first volume presented the material

covering thermodynamic and fluid-dynamic concepts, fundamental

turbine concepts, and velocity diagram design. The second volume

presented the material related to blade aerodynamic design and
turbine energy losses. This third, and last, volume presents chapters

oi1 supersonic turbines, radial-inflow turbines, turbine cooling, and

aerodynamic performance testing.

Any consistent set of units will satisfy the equations presented.
Two commonly used consistent sets of units and constant values

are given after the symbol definitions. These are the SI units and

the U.S. customary units. A single set of equations covers both

sets of units by including all constants required for the U.S. customary

units and defining as unity those not required for the SI units.
ARTHUR J. GLASSMAN
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CHAPTER9

SupersonicTurbines

ByLouisJ. Goldman

A supersonic turbine stage is defined as one that operates with a

supersonic relative velocity entering the rotor. Supersonic turbines

have potential application in systems where high-energy fluids (those

having low molecular weights and, consequently, high expansion
velocities) are used and/or where high pressure ratios are available.

They have been used by NASA in rocket turbopump systems and

have been studied for use in open-cycle auxiliary-power systems

for space.

Supersonic turbines have the potential for large specific work out-
puts because of the high pressure ratio. For a given power level, this

type of turbine would require a small amount of driving fluid and a

small number of stages. It would, therefore, be light-weight and rel-

atively simple. Because of high jet velocities, however, supersonic

turbines generally operate at low blade-jet speed ratios (often less

than 0.2). As indicated in chapters 2 and 3 (vol. 1), low blade-jet

speed ratios correspond to low static efficiencies, primarily because of

high exit-kinetic-energy losses. For systems where the primary design
criteria are a minimum number of stages along with minimum fluid

consumption, the ideal work available from the high pressure ratio

could more than offset the lower turbine efficiency and may result in a

supersonic turbiim being the optimum design choice.

To keep the efficiency of supersonic turbines at the highest possible

level, proper design methods must be used. Both supersonic stators

and rotors are designed by the method of characteristics. In this

chapter, supersonic turbine design and performance are discussed
under the following headings: (1) method of characteristics, (2) design
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of supersonic stator blades, (3) design of supersonic rotor blades, and

(4) operating characteristics of supersonic turbines

METHOD OF CHARACTERISTICS

The method of characteristics is a general method for solving a

certain type (hyperbolic) of partial differential equation. The equa-
tions of motion for the two-dimensional supersonic flow of a perfect

gas are of this type. Only this type of flow will be discussed in this

chapter. Other types of supersonic flow (i.e., axially symmetric and

certain non-steady flows) also can be handled by this method (see

ref.1).

The method of characteristics can be developed in two ways: (1)

by formal mathematical methods and (2) by simple dynamical con-

siderations. The derivation based on dynamics stresses the physical
processes involved. It will be the only one presented here. The math-

ematical derivation is useful in extending the method to other similar

equations. Both developments are given in references 1 and 2.

Flow Along a Single Wall

The simplest supersonic flow field that satisfies the equations of

motion (other than uniform parallel flow) is the flow through a single
vanishingly weak standing wave. These waves, called Mach waves,

can be considered to be very weak oblique shock waves. The entropy

change through the wave is essentially zero. Examples of weak ex-

pansion and compression waves are shown in figure 9-1. As will

be shown subsequently, an expansion wave is produced when the

2
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(a) Expansion. (b) Compression.

FIGVRE 9-1.--Weak expansion and compression waves.
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wall bends away from the flow, and a compression wave is produced
when the wall bends toward the flow.

The bend (of angular magnitude dO) in the wall can be considered

as a disturbance which produces the wave, which is required if the flow

is to follow the wall. The bend in the wall may also be considered as

a boundary condition to which one solution is a standing Mach wave
with uniform flow fields on both sides of it. The importance of this

solution can be appreciated when it is realized that any curved surface

may be considered to be made up of a finite number of straight sections.

The flow along a curved surface can, therefore, be approximated as

the flow through a series of Mach waves. The dynamics of the flow

through a weak expansion wave will now be discussed.

Consider the standing Mach wave included at an angle 2 to the di-

rection of initial velocity V as shown in figure 9-2. The conservation
of mass requires that

w__=pV,= (p+dp) ( V,, +dV,) =constant (9-1)
A

where

w mass flow rate, kg/sec; lb/sec

A flow area along Mach wave, m2; ft _

p density, kg/m3; lb/ft 3

V= velocity component normal to Math wave, m/see; ft/sec

Neglecting second-order terms (i.e., dp dV,_) gives

pdV,,q-V,,dp=O (9-2)

Conservation of momentum in the tangential direction gives

oV,,V,= (p+dp) (Vn+dV,)(Vt+dV,) (9-3)

t

wave/ _@ n

V '

p ..... t' V+riV

p * (Ip

Vt " _ (16 + dol'k ___i__
× ×, / "///_

' V _-dV
de

FmunE 9-2.--Flow through a weak expansion wave, and associated nomenclature.
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where Vt is the velocity component tangent to the Mach wave, in

m/see or ft/sec. Substituting equation (9-1) into equation (9-3)

gives

pV,_Vt= pVn(Vz+dVt) (9-4)

or

dV,=O (9-5)

This means that the tangential component of velocity remains con-

stant as the flow crosses the wave. Consequently, the velocity change

dV is equal to dV, and is directed normal to the Mach wave.
Conservation of momentum in the normal direction gives

gp + pV,, 2= g (p + dp) + (p + dp) (V, + (l[_) 2 (9-6)

where

g conversion constant, 1 ; 32.17 (lbm) (ft)/(lbf) (sec 2)

p absolute pressure, N/m2; lb/ft 2

Substituting equation (9-1) into equation (9--6) an(l expanding yields

0=g dp+pV, dV. (9-7)

Eliminating dV, by using equation (9-2) results in

(dp. 
v"_=g \alp! (9-S)

Equation (1-57) of chapter 1 (vol. 1) states

where a is speed of sound, in m/see or ft/sec. Since the differential

process being considered here is isentropic, substitution of equation

(9-8) into equation (9-9) shows that

V,_=a (9-10)

Therefore, the component of velocity normal to the Math wave must

be equal to the speed of sound. Noting from figure 9-2 that

V.:V sin 8 (9-11 )

gives

V,, a 1 (9-12)
sin ¢_= _ V M

where M is the Math number. The angle/_ is called the Mach angle

and has meaning only for M> 1.
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FIGURE 9-3.--Velocity diagram for flow through a weak expansion wave.

The relation between change in flow angle dO and velocity change

dV can be found from the velocity relations shown geometrically in
figure 9-3. In the limit (dO---_O),

and

where

du=dV (9-13)

dv= VdO (9-14)

du dV
tan _:dvv: VdO (9-15)

d%t

dv

Since, as can be determined from equation (9-12),

1
tan/i'=

component of dV parallel to initial velocity V, m/sec; ft/sec

component of dV normal to initial velocity V, m/sec; ft/sec

equation (9-15) becomes

(9-16)

dV dO

V -- a/_/_--i (9-17)

It is more convenient, if dV/V is expressed in terms of the critical
velocity ratio M*=V/V, rather than Math number M. The critical

velocity Vc, is equal to the speed of sound at the critical condition

(M=I) and can be evaluated from equation (1-63) of chapter 1

(vol. 1). The relation between M* and Mis given by the equation
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where _ is the ratio of specific heat at. constant pressure to specific
heat at. constant volume. Since V_, is constant (because the total

temperature is constant),

dV dM*
V-- Jl* (9-19)

Substituting equations (9-18) and (9 19) into equation (9--17) gives,

finally,

/ .I,4 *2- 1 dM*

dO:..i/1 _'--I jI,2 J[* (9-20)
I' --,y+l .....

This is the differential relation between a change in flow angle and a

velocity change through a single weak expansion wave. A similar
relation couht have been obtained for a single weak compression

wave, except that equation (9-20) would have a minus sign.

Let us now consider the flow along a curw_d (convex) surface, as

shown in figure 9-4. Assume that the surface is compose(t of a number

of small bends, each producing a Mach wave. The relation indicated

by equation (9-20) will he satisfied through each Math wave provided

the changes in 0 are small. Tile combine(t flow field will, therefore, be a

solution to the equations of motion for infinitesimal values of dO.

This type (ff ttow is called Prandtl-Meyer flow, or simple wave flow.

V 1 / S_ i _"',

_,,_, 1 J_/ / -

uO3

FIGURE 9-4.--Representation of flow along a convex wall.
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If the number of segments approaches infinity, the flow field becomes

continuous. Integration of equation (9-20) gives

0 = _1¥_/_,+ 1 arc sin [(5,--l)i*_--_]+larcsin\M,2--_)+constant[_/-}-1 \

(9-21)

If the constant is chosen such that 8----0 when M*----I(M----1), the

angle given by equation (9-21) is called the Prandtl-Meyer angle,

and it is tabulated in many references (e.g., ref. 1). The Prandtl-

Meyer angle is the angle through which the flow must turn in going

from Maeh 1 to the required Mach number and is often given the

symbol _ (or u). Therefore,

lr 1 [2_arc1 /_-+l{_+arcsin[(_--l)M*_---y]}--_
• -¢+1

sin (_/.2--1')]

(9-22)

Note that the change in flow direction (48) in going from V_ to V2 is

given by the change in the respective Prandtl-Meyer angles. That is,

82--0, = AS= _2-- _, (9-23)

3'he derivation has been for expansion waves. For compression

waves, there would be a minus sign in equation (9-17). Therefore,

the velocity (lecreases (2tl decreases) for flow through a compres-

sion wave. This means that the Mach angle _3 increases for flow

along a concave wall, shown in figure 9-5. The Mach lines, there-

hock

Machwaves_, ////

dt=1

FIGURF 9-5.--Representation of flow along a concave wall.
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fore, converge and form a shock as shown in the figure. The derived

relations, of course, would be invalid in the shock region because of

the entropy increase.

8

/

FmuaE 9-6.--Hodograph characteristic curves.
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The relation between the flow angle 8 and the critical velocity

ratio M* (eq. (9-21)) can be plotted on a polar diagram, as shown

in figure 9-6. This type of diagram is called a hodograph plot. The

curves of this plot are characteristic of the flow around any two-

dimensional convex surface and are called hodograph characteristics.

The value of the constant of equation (9-21) has been varied to gen-

erate these curves. The curves passing through M*_- 1 at _=0 represent

the variation of Prandtl-Meyer angle with critical velocity ratio as
expressed by equation (9-22).

An important property of the hodograph characteristics is that the

normals to the characteristics are parallel to the corresponding

Mach wave in the physical plane. This allows the flow field to be

constructed graphically and is best explained by a simple example.
Consider the flow along a curved wall. After the wall is divided into

a finite number of segments (fig. 9-7(a)), the initial point P1 is located

on the characteristic curve (fig. 9-7(b)) corresponding to V, (line

OP, parallel to V,). Point P2 is located in the hodograph diagram by

drawing the line OP2 parallel to _'_ (or wall segment $2). Note that

P2 must lie on the expansion characteristic curve through P1. The

Mach wave separating V, and 172 is found by drawing the normal

(shown as N, in the figure) to the characteristic segment P1P2. This

direction is parallel to the Mach wave direction in the physical

plane. The preceding process is continued through the additional

segments.

The graphical procedure is, at best, cumbersome to use. The pro-

cedure may be made entirely numerical if it is recalled that the direc-

- _ach waves

cl£_l $3_

d_2

dOl 51_N]

_P- l

(a) Physical plane. (b) I[_d_gral)h plane.

FmvRr: 9-7.--Flow ah,ng convex wall.

9
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',]d' h '..'._,._:_ Pdach
/ WdVeS

Ic_1 I[/I

(a) General case. (b) Limiting case.

FrauR_: 9-8.--Flow along convex wall with Mach waves intersecting at one

point.

tion of the Maeh wave is given by tile Math angle /3. Since tinite

changes occ,,u" ill tile solution of practical problems, it is usually

assumed that tiw waves lie at the Math angle ('.orrespon(ling to the

average speed between the two points, measured relative to the average

direction of the flow between the two points. The flow past a wall

may now be (:onstructed completely numerically. The hodograph

diagram, though, is still useful for visualization.

A special case of flow along a single wall occurs if the wall is so

shaped that tile Math lines pass through a common 1)oint, as shown

in figure 9-S(a). Now imagine that tl)e wall approaches the common

point 0. The limiting case is represented by figure 9-S(b), where it is

seen that a single large bend has replaced a number of small bends.
This type of flow is often called corner-type fow, or flow around a

corner, and as will be seen later, is important to the design of super-

sonic nozzles with sharp-edged throats. Equation (9-21) is still valid
for this case.

Flow Between Two Walls

The method of solution u_d for the flow along a single wall can be

generalized to handle the tlow between two walls. Consider the initially

uniform parallel supersonic flow bounded by two walls as shown in
figure 9-9. Suppose that both walls arc dettected outward the same

amount. The ttow is symmetric about the ccnterlinc of the channel.

As before, the flow will be constructed by (tividing the walls into _L

finite number of straight line segments, denoted here by S, and S'_, $2

and S'_, and Sa and S'a. Tile initial parallel flow tield in region 1 is

represented by tile point P, in the hodograph diagram. The line OP_

represents the direction and inagnitude of the velocity P_. The flow

10
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15V--_

t_l1 , ? _Sp _ .........

si s? _ ).... "i ............... : - _5j
/

M*= ] _ ¢'1 c2 ¢3

{al _bl

(a) Physical plane. (b) Hodograph plane.

FmuRS 9-9.--Flow between two walls.

in regions 2 and 2' (points P2 and P'2 in the hodograph diagram) can

be determined, as before, for the flow through a weak expansion wave.

The lines OP2 and 01_'_ are parallel to V2 and V'2, respectively.

The problem now is to determine what happens to the flow after the
two initial Mach waves intersect. Flow fields 2 and 2' must be sep-

arated by another flow field, since V_ and V'2 are not in the same

direction. Consider that the flow field 3 is separated from 2 and 2' by a
contimmtion in modified form of the initial Math waves _'11_and .1l'_.

A jump from region 2 through an 3, wave can satisfy the equations

of motion only if the end point, lies on a characteristic through P.,; that
is, C_ or C'2 (since these curves represent eq. (9-21) graphically).

Similarly, a jump from region 2' must lie on characteristic C'_ or C2.

To satisfy both sets of conditions, the end point of the jump represent-

ing the flow field 3 must be either point Pa or P_ in the hodograph plane

The end point being P_ can be ruled out because this would mean that

the extensions of the expansion waves are compression waves, which

makes little physical sense. The end point being P3 in the bodograph

plane makes _nse because it represents further flow expansion. The

direction of the extensions 1112 and M'2 of the initial Math waves are
1'given by the normals to the segments P'2I_3 and P2 a, respectively,

in the hodograph phme. Because of the assumed symmetry of the

flow, the velocity V_ is parallel to V_. These procedures can be used to

construct the flow fieht piecemeal until one of the waves advancing

across the channel strikes the wall. A new type of solution is now

required.

11
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Consider the flow in field 4, which is parallel to the wall segment

$3. The flow in fiehl 5 is not parallel to the wall. Therefore, field

5 cannot extend the wall, and a new field 6 must separate it from the

wall. The flow in field 6 is parallel to the wall and. therefore, point

P6 in the hodograph plane must lie on the extension of line OPt,
because the flows in fields 4 and 6 are in the same direction. Also, P6

must lie on one of tile characteristics through Ps, that is, C_ or C's.

According to arguments similar to those used before, these conditions

require that P8 be located as shown in the hodograph diagram, where

the wave between P5 and P8 is an expansion wave. In general, an

expansion wave striking a solid boundary reflects as an expansion
wave. The construction of the flow in the interior of the channel
proceeds as before.

As seen from the foregoing discussion, the flow in the channel may
be approximated by a number of small quadrilateral regions in each of

which the velocity is constant. The sides of the quadrilaterals are the
Mach waves. The equations of motion are satisfied in finite form

across each wave and, therefore, are approximately satisfied through-
out the entire flow field. This type of procedure is called the "field

method," since the stream properties are found in small regions, or

fields. Another calculation procedure, known as the "lattice-point

method," is often used in supersonic flow problems. In this procedure,

the stream properties are found at the intersections, or lattice points,
of the Mach net. Both methods are, for most practical situations,
identical. The "lattice-point method" will not be discussed further.
Both methods are described in reference 1.

Summary of Elementary Flow Solutions

The flow solutions previously discussed, as well as others that are

used for the design of supersonic stator and rotor blade sections, are
summarized in figure 9-10. For each case, the physical situation is

shown along with the hodograph solution. Figures 9-10(a), (b), and

(c) show the previously discussed cases of a weak expansion wave, the

intersection of expansion waves, and the reflection of an expansion

wave from a solid boundary, respectively. In figure 9-10(c), the re-

flected wave is at a slightly smaller Mach angle than is the incident
wave because of the higher Mach number associated with the flow
across the reflected wave.

Figure 9-10(d) shows the cancellation of an expansion wave at a

solid boundary. A bend at the proper location in the top wall is made
in the same direction and of the same magnitude as the flow deflection

produced by the wave. The boundary conditions are, therefore, satis-
fied without any additional (reflected) waves.

12
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Figure 9-10(e) shows the solution for the flow field beyond the inter-

section of an expansion wave and a compression wave. The hodograph

point representing region D must lie on the intersection of character-

istic curves passing through B and C, as shown. Therefore, each wave

continues unchanged in type beyond the intersection.

',%

,\
',\

\\

9_ _A _ 5

/

6D _A

(t)

(a) Weak expansion wave.

(b) Intersection of expansion waves.

(c) Reflection of an expansion wave from a solid boundary.

FIova_ 9-10.--Elementary flow solutions.

13
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b

6 /

_-B // Cor'tTpression ,_,ave

/A\
\

8D 8_ _ 2_

P Conslant

A -,,..- / --_ _'-"X __C _ion wave

\ .- z- \

ifb

(d) Cancellation of expansion wave at solid boundary.

(e) Intersection of expansion and compression waves.

(f) Reflection of expansion wave from a free boundary (constant pressure).

FIGURE 9-10.--Concluded.

A case that is not encountered in the design of supersonic blade
sections, but may be of general interest, is shown in figure 9-10(f).
This is the reflection of an expansion wave from a constant-pressure
free boundary. The boundary condition requires that the pressure be

14
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constant along the outside streamline. Since the flow is isentropic, the

velocity magnitude of all the flow fields lying along the boundary must

be equal. Therefore, field C must be as shown in the hodograph plane.

In general, an expansion wave reflects from a free boundary (constant

pressure) as a compression wave.

DESIGN OF SUPERSONIC STATOR BLADES

One of the most important uses of the method of characteristics

is its application to the design of a channel to produce uniform, parallel

flow at supersonic speeds. This is the basis of the design of two-

dimensional nozzles for supersonic wind tunnels. This type of nozzle

also has application to supersonic-turbine stator blades, since it is

desired to have uniform parallel flow entering the rotor. 0nly the

design of a stator based on this type of nozzle will be discussed here.

Nozzles Producing Uniform Parallel Flow

A supersonic nozzle that produces uniform, parallel flow is shown

in figure 9-11. Since it is required that the flow be parallel and super-

sonic, the wall must first curve outward (AD) and then curve in again

(DE), so that at the exit, the wall is again parallel to the initial flow.

Point D is the point where the wall has its maximum slope. It is usually

assumed that the flow at the throat is uniform, parallel, and sonic

(M----1). Because of the nozzle symmetry, the nozzle axis is a stream-

line and may, for design purposes, be replaced by a solid boundary.

Therefore, only one half of the nozzle need be designed.
The flow region ABCDA is called the expansion zone. The curved

wall AD generates expansion waves which reflect off the centerline.

The calculation procedure is the same as was discussed in the section

[

7 i /

/"

I ......./ \ ,,/\ /
; "v'' 2Sj'Q.....
B (;

FIoua_: 9-11.--Supersonic nozzle producing uniform, parallel flow.

15
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"Flow Between Two Walls." The region DCED is called the straighten-

ing section, and the wall in this section is curved so that the incoming

expansion waves are cancelled. The method of cancelling waves was
seen in the section "Summary of Elementary Flow Solutions." The

flow past CE is uniform, parallel, and supersonic. The final Mach

number depends on how much expansion occurs between A and D.

For large exit Mach numbers, a nozzle of this type may be too long

for supersonic turbine applications. In these cases, a limiting form of

this type of nozzle is used.
A nozzle with a sharp-edged throat, shown in figure 9-12(a),

produces uniform, parallel flow in the shortest possible length. It is a

limiting form of the nozzle described previously (fig. 9-11), where

points A and D coincide. The flow expands around the sharp edge

(corner flow), producing waves that are reflected t)y the centerline.

Cancellation of the reflected waves is again used to obtain uniform

parallel flow at the exit. The hodograph diagram (fig. 9-12(b)) shows

that one half of the expansion occurs as a result of tile corner flow,

and the other half as a result of the reflected waves. Therefore, the

wall bounding region 2 is set at an angle equal to the Prandd-Meyer

angle _2, which is half of the design exit Prandtl-Meyer angle w3.

A computer program has been written (ref. 3) to design supersonic

nozzles with sharp-edged throats by the method of characteristics.

Only the supersoni(, portion of the nozzle is designed by the program.

The input to the computer program includes tile desired exit Mach

number and the specific-heat ratio -y of the working fluid. The program

output gives the coordinates of the nozzle. The program of reference

3 does not account for any flow losses.

C • ? / 3
/

Idl 1!3,

(a) Physical plane. (b) Hodograph plane.

FIGURE 9-12.--Nozzle with sharp-edged throat.
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Stator Nozzles

The sharp-edged-throat nozzle just discussed serves as the basis

for the design of minimum-length (chord) supersonic stators. Addi-

tional considerations for a stator as compared to the nozzle previously

Ideal nozzle

/

Displacement thickness , /
• /

Straight sectiom

I
I

I
I

I
Diverging
section -.

/_ozzle angle

Converging
section -.

Tangential
direction

t_
Axial _']rection

FIGURE 9-13.iDesign of supersonic stator nozzle with sharp-edged throat.
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discussed are the flow turning and the desire to include flow and

energy losses.

A supersonic-turbine stator blade and channel section of the type

being discussed herein is shown in figure 9-13 and will be referred to

as a stator nozzle. The stator nozzle consists of three sections: (1) a

converging (subsonic) section, (2) a diverging (supersonic) section,

and (3) a straight section on the suction surface. The converging

section accelerates the flow to sonic speed and can be designed by

the methods of chapter 5 (vol. 2). In order to minimize losses, the

converging section is designed to produce all of the turning of the

flow. The diverging section accelerates the flow to the desired free-

stream Mach number at the exit. This section is designed by the

method of characteristics as previously discussed. The straight section

on the suction surface completes the nozzle profile, and its length is

determined by the required nozzle angle.

A computer program for the design of sharp-edged-throat super-

sonic stator nozzles, including a correction for losses, is presented in

reference 4. An ideal (no loss) nozzle profile, indicated by the dashed

lines in figure 9-13, is first designed by the method of characteristics.

Boundary-layer parameters (displacement thickness, momentum
thickness, etc.) are then computed for the ideal profile by methods

discussed in chapter 6 (vol. 2). The final profile is then obtained by

adding the local displacement thicknesses to the ideal nozzle coordi-

nates as indicated in figure 9-13. The nozzle efficiency is obtained from

the boundary-layer parameters as described in chapter 7 (vol. 2).

DESIGN OF SUPERSONIC ROTOR BLADES

Two methods that have been proposed for the design of supersonic

rotors are discussed herein. Both design methods use the method of

characteristics. The channel is designed to prevent any shock forma-

tion caused by the convergence of compression waves. The flow

entering the rotor passage is assumed to be uniform and parallel.

Corner-Flow Method

One method of designing supersonic rotor blades is given by Shapiro

(ref. 1). A typical blade of this type is shown in figure 9-14(a). The

entering uniform, parallel flow (region 1) undergoes a corner-type

compression, resulting from flow along the concave lower (pressure)

surface of the blade. The upper (suction) surface is curved so as to

cancel the incoming compression waves. In region 2, parallel hori-

zontal flow (0=0) is obtained. This parallel flow then undergoes a

corner-type expansion, with waves being cancelled by the concave

18



_UPERSONIC TURBIN_ES

surface, until uniform parallel flow of the desired Mach number occurs
at the blade exit. Straight-line segments on the upper surface, parallel
to the inlet and outlet flow directions, complete the blade profile.

For an impulse blade (as shown in fig. 9-14(a)), only one half of
the blade needs to be designed, since it is symmetrical. The specifica-
tion of corner flow makes this type of blade particularly easy to design,
since only waves of one kind are present in any region. The hodograph

diagram for this blade is shown in figure 9-14(b). Shown in figure
9-14(c) is the theoretical blade-surface velocity distribution, which is
quite unusual. This type of velocity distribution is not very desirable,
because the loading becomes zero in the middle of the blade. Another
drawback of this design method is that for a given inlet Mach number,

_Parallel flow
J

Parall -_-

Parallel flow ,
(a)

4b_

Inlet
Distance along chord

(C)

(a) Blade and passage.

(b) Hodograph diagram. (c) Blade loading diagram

FIOURE 9-14.--Supersonic rotor design by the corner-flow method.

Outlet
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the amount of flow turning is limited. The velocity in region 2 must be

sonic (Mach 1) or higher. The maximum amount of flow turning is,

therefore, equal to the sum of the inlet and exit Prandtl-Meyer angles.
For reasonable Mach number levels (1.5 to 3.0), large amounts of flow

turning (120 ° to 150 °) would be impossible.

Vortex-Flow Method

Another method of designing supersonic rotor blades is described

ill reference 5. This method is based on establishing vortex flow within

the passage. In a vortex-flow field, the product of velocity (Mso, therefore,

critical velocity ratio M*) and streamline radius is a constant through-

out the field. A typical blade and passage designed by this method is

shown in figure 9-15(a).

The blades consist essentially of three parts: (1) inlet transition

arcs, (2) circular arcs, and (3) outlet transition arcs. The inlet tran-

sition arcs (lower and upper) convert the uniform parallel flow at the

passage inlet into vortex flow by means of the compression waves

generated by the lower transition arc and the expansion waves gener-

ated by the upper transition arc (see fig. 9-15(a)). The vortex-flow

field begins where the compression and expansion waves first inter-
sect. The concentric circular arcs turn and maintain the vortex flow.

The outlet transition arcs reconvert the vortex flow into uniform

parallel flow by cancelling the remaining waves generated by the cir-

cular arcs. Straight-line segments on the upper surface and parallel
to the inlet and outlet flow directions complete the blade profile.

A hodograph diagram for this type of design is shown in figure
9-15(b). The flows along the blade surfaces are shown, with the

letters corresponding to the locations indicated in figure 9-15(a).

The constant-velocity flows along the circular arcs of the blade

surfaces are represented by the circular arcs IK and BF on the hodo-

graph diagram. In this type of design, there is no limit to the amount
of flow turning obtainable in the rotor, because the circular arcs can

provide any necessary degree of turning. The surface velocity distri-
bution is shown on the blade-loading diagram, figure 9-15(c). This

blad_e is seen to be quite highly loaded, especially as compared to the

corner-flow design shown in figure 9-14.

A computer program for designing rotor blades of this type by the

method of characteristics is presented in reference 6. The computer

program input includes the inlet and outlet flow angles, the inlet,

outlet, and surface Mach numbers, and the specific-heat ratio of the

gas. The output includes the rotor blade coordinates and a plot of

the blade shape. An approximate method for obtaining the transition

arcs without using the method of characteristics is described in
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references 7 and 8. In this procedure, the vortex flow is established
by making the curvature of the transition arcs one-half the curvature

of the circular arcs. For very small curvatures, this method is correct.

In this blade design, the lower- and upper-surface Maeh numbers

are specified. This permits blades of various shapes to be designed for

Region J

-- Vortex flow
.... I'ransitlon K

H ;2- L

70iln // _r'.tran sition arcs

CDEandIJK Circulararcs

G\

A

(a)

M*_ H,B

c

A,H

I

E

K

inlet Outlet

Distance along chord

L,G

(a) Blade and passage.

(b) Hodograph diagram. (c) Blade loading diagram.

FIGURE 9-15.--Supersonic rotor design by the vortex-flow method.
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CircularA_A AA arc
B,/ \B AB Upper.transition arc A _AA A

BD Straight line f _
CC Circular arc B// \

CD lower IransiUon a_ \
D

\
A

B B B B

D D

B B

D \°
(el If>

(a) Lower-surface Prandtl-Meyer an-

gle, 0 ° (M = 1) ; upper-surface

Prandfl-Meyer angle, 59 ° (M = 3.5) ;

total flow turning angle, 130 ° .

(c) Lower-surface Prandtl-Meyer an-

gle, 18 ° (M= 1.7); upper-surface

Prandtl-Meyer angle, 59 ° (M = 3.5) ;

total flow turning angle, 130 ° .

(e) Lower-surface Prandtl-Meyer an-

gle, 21 ° (M= 1.8); upper-surface

Prandtl-Meyer angle, 59 ° (M = 3.5) ;

total flow turning angle, 120 ° .

(b) Lower-surface Prandtl-Meyer an-

gle, 12 ° (M=l.5); upper-surface

Prandtl-Meyer angle, 59 ° (M = 3.5) ;

total flow turning angle, 130 ° .

(d) Lower-surface Prandtl-Meyer an-

gle, 18 ° (M=l.7); upper-surface

Prandtl-Meyer angle, 104 ° (M----

10.7) ; total flow turning angle, 130 °.

(f) Lower-surface Prandtl-Meyer an-

gle, 21 ° (M=l.8); upper-surface

Prandtl-Meycr angle, 59 ° (M = 3.5) ;

total flow turning angle, 140 ° .

Fmun_ 9-16.--Turbine blade shapes at inlet Mach number of 2.5 (inlet Prandtl-

Meyer angle of 39 °) and specific-heat ratio of 1.4.
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a given in]at Mach number. A number of blades designed by the
program of reference 6 for an inlet Mach number of 2.5 are shown in

figure 9-16. From the figure, it is seen that the upper-surface Mach

number (cf. figs. 9-16(c) and (d)) has little effect on the blade shape,

whereas the lower-surface Mach number (cf. figs. 9-16(a), (b), and

(c)) and the flow turning (cf. figs. 9-16(e) and (f)) have significant

effects. Guidance in the selection of a blade design is obtained by

consideration of flow separation and supersonic starting problems,
both of which will be discussed later in this chapter.

The previously discussed "method of characteristics" design

procedure is only for the case of ideal (isentropic) flow. A computer

program for the design of supersonic-turbine vortex-flow rotor sections,

including a correction for losses, is presented in reference 9. The ideal

(no loss) passage profile, indicated by the dashed lines in figure 9-17, is

first designed by the method of characteristics. Boundary-layer param-

eters are then computed, and the final profile is then obtained by add-

ing the local displacement thicknesses to the ideal profile as indicated

in figure 9-17. Rotor profile loss coefficients are determined from the

boundary-layer parameters as described in chapter 7 (vol. 2).

__ ._ Dispracement

_ _ _ / t'lickness

_/" ,_" _ • Loss free passa(je

/_" -- "xx-_prof,le

/ / Z, "
// x

FIGURE 9-17.--Design of supersonic rotor blade section.
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TURBINE DEiSIGN AND APPLICATION

As seen from figure 9-15, adverse pressure gradients exist along
transition arcs HI and EF within the rotor blade passages. The

boundary-layer calculations give an indication of whether the pressure
gradier_ts arc severe enough to cause flow separation. Flow separation

results in large losses. If it is possible, it would be desirable to prevent

separation. The separation criterion places limitations on the choice

of the upper- and lower-surface Mach numbers.

OPERATING CHARACTERISTICS OF SUPERSONIC

TURBINES

Supersonic Starting

Problems occur in the starting of supersonic diffusers because
the diffuser must be able to swallow the shock that forms at the inlet

Lower surface

Prandtt-rJ_eyer

140 -- anqle,

k.'[,

deg

120 -- /'<'---
lZO

110

_ _ 105

_ I I I I I

0 20 40 bO _t) i {-_) 1_;'0 14fl

L/pl)er surfac.t, Prarldtl-!7,_',,er arqql¢_ _j, (t,'_;

FIGURE 9-18.--Maximum Prandtl-Meyer angle for supersonic starting. Specific-

heat ratio, 1.4.
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during startup. Since the rotor blade passage is convergent-divergent

in shape, similar problems would be expected to occur in the starting
of supencx)nic turbines. As a first approximation, it is assumed that

a normal shock spans the rotor blade passage at the instant of start-

ing. The permissible contraction of the blade passage is set by this
condition, since the passage must be large enough to permit the shock
wave to pass through.

For specified flow Mach numbers along the circular-arc segments of

the blade surfaces (often expressed in terms of the corresponding
Prandtl-Meyer angles o_, and o_), there exists a maximum value of the

inlet Mach number (or inlet Prandtl-Meyer angle) for which supersonic

flow can be established. The calculation procedure for determining
this maximum value is given in reference 6. In figure 9-18, the maxi-

mum inlet Prandtl-Meyer angle for supersonic starting of vortex-flow

rotor blades is plotted as a function of the blade-surface Prandtl-Meyer
angles. In the usual design problem, the inlet Prandtl-Meyer angle

is known from the velocity diagram, and the surface Prandtl-Meyer
angles must then be determined in order to obtain the rotor blade

k

E

¢u

r

L

V_

60 -

40--

20--

Lo_,er -£Hrlace

P ra n(Itl -,K;ever

angle,

3/_/"'_'_ St ar t inq r _c!P)n

Inlet Prandtl-_,_ever anqle, &_in, 39°

• _:./,>,(4/A,_ _://':_/,,

, if/. 1 ///" "

.... _// ,. , .

0

_;QO IIM°

0 11 I L 1 I I L I I
30 _ 70 90 ii0

Upper-_urface Prar_dtf-_,_ever anqle. _:u' deg

FIGURE 9-19.--Supersonic starting criterion applied to example turbine. Inlet

Mach number 2.5; inlet Prandtl-Meyer angle, 39°; inlet flow angle, 65 °.
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and passage profiles. To assure satisfactory starting for the given inlet
conditions, the point representing the surface Prandtl-Meyer angles

in figure 9-18 must lie on or above the ordinate corresponding to the

inlet Prandtl-Meyer angle. In general, the supersonic starting condi-

tion places a severe restriction on the permissible design values of
surface Mach numbers. This restriction is best seen from an example.

Suppose a blade is to be designed for the following conditions:
(1) -r=l.4; (2) M,_=Mex-----2.5 (o:_._-_x:39°); and (3) 0_----0e_=65 °.

It is first noted that _, can vary from 0 ° to 39 °, and that o:_ can vary
from 39 ° to 104 °. The 0 ° limit on w_ is due to the fact that the flow

must remain at least sonic; the 104 ° limit on w. is due to the fact
that the inlet transition turning cannot exceed the inlet flow angle

of 65 ° (39°+65°=104°). In figure 9-19, the maximum inlet Prandtl-

Meyer angle o:_..... is plotted as a function of o:. for this example.

For clarity, only the bounds of w, and ¢o. discussed previously are

shown. The dashed line represents 0_,=39 °, and the region shown

crosshatched would not be permissible for design purposes because

of supersonic starting considerations. Flow separation consideration

will, in general, limit the maximum value of w. to much lower values
than the limit indicated in the figure.

Supersonic Turbine Performance

Experimental performance data for supersonic turbines are re-

ported in references 10 to 14. The variation in supersonic-turbine

efficiency with blade-jet speed ratio (blade speed divided by ideal

velocity corresponding to turbine inlet-total- to exit-static-pressure

ratio) is illustrated in figure 9-20, which presents the data for the

partial-admission turbine of reference 14. For any given speed,

efficiency is maximum at about design pressure ratio and falls off

rapidly as pressure ratio is decreased. The variation in maximum

efficiency (circles in fig. 9-20) with blade-jet speed ratio is similar

to that for a subsonic turbine. If this were a subsonic turbine, the

efficiencies at the lower pressure ratios would have fallen on the

envelope curve. The decrease in supersonic-turbine efficiency at the
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• 30:
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FIGURE 9-20.--Static efficiency of turbine as function of blade-jet speed ratio

for constant speeds.

lower pressure ratios is due to the shocks occurring in the under-
expanded stator nozzles.

The variation in static pressure throughout the stator nozzle of

the turbine of reference 14 is shown in figure 9-21. The formation

of the shock waves in the underexpanded nozzle is readily apparent.

It can also be seen from this figure that at pressure ratios near design,

the divergent section of the nozzle performed as expected, but the
pressure did not remain constant in the straight section. There was

some overexpansion followed by some compression. This same be-
havior was found in the data of reference 10.

551-543 O- 75 * 3
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FIGURE 9-2l.--Variation of nozzle pressure ratio with axial distance in nozzle

for constant ratios of nozzle exit static pressure to inlet total pressure.
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SYMBOLS

flow area along Mach wave, mS; ft2

speed of sound, m/sec; ft/sec

conversion constant, 1;32.17 (Ibm)(ft)/(Ibf)(sec2)

Mach number

criticalvelocityratio(V/Vc,)

absolute pressure,N/mS; Ib/ft_

component of velocity parallelto initialflow direction,

m/sec; ft/sec

velocity,m/sec; ft/sec

criticalvelocity (M----1),m/sec ;ft/sec

component of velocity normal to initialflow direction,

m/sec; ft/sec

mass flow rate,kg/sec;Ib/sec

Mach angle,deg

ratioof specificheat at constant pressure to specificheat at

constant volume

small change in flow direction,deg

flow angle,deg

Prandtl-Meyer angle,deg

density,kg/m 3;Ib/ft3

Prandtl-Meyer angle,deg

Subscripts:

_x

/n
l

max
n

r

8

t

rotor exit

rotor inlet

lower surface of blade

maximum

normal direction with respect to Mach wave
relative

isentropic

tangential direction with respect to Mach wave

upper surface of blade
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CHAPTERI0

Radial-lnflowTurbines

ByHaroldE.Rohlik

Radial-inflow turbines are suitable for many applications in aircraft,

space power systems, and other systems where compact power sources

are required. Turbines of this type have a number of desirable charac-

teristics such as high efficiency, ease of manufacture, sturdy construc-

tion, and reliability. There is a substantial amount of information on

radial-inflow turbines in the literature. References 1 to 6 are general

in nature and cover most areas of the design and performance of these

machines. In this chapter, the radial-inflow turbine is described, and

its features are compared with those of an axial-flow turbine. In
addition, design geometry and performance, blade design, and off-

design performance are discussed.

Figure 10-1 shows a section through a typical radial-inflow turbine.

The flow enters the stator radially and leaves the rotor axially. This

turning of the flow takes place in the rotor passage, which is relatively

long and narrow. In axial turbines, the blade aspect ratio, which is

the ratio of blade height to chord, varies from about 1 to as much
as 8. Radial turbine rotor and stator blades, on the other hand,

generally have aspect ratios from 0.1 to 0.5.

A toms, which is a doughnut-shaped plenum, or a volute (shown in

fig. 10-2), which is a spiral flow passage, usually surrounds the stator
inlet. The torus is fed by a radial inlet pipe, while the volute is fed

by a tangential inlet pipe. In the case of a volute, a prewhirl (tan-

gential component of velocity) is imparted to the gas before it enters
the stator blade row. This results in stator blades with little or no

camber. It can be seen from figure 10-2 that the overall diameter of a
radial-inflow turbine is considerably larger than the rotor diameter.
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Stahr

bra,:ie

JHov,

1 / Statiol_,

FIGURE 10-1.--Schematic cross section of radial-inflow turbine.

At the rotor inlet,, where the flow velocity relative to the rotor has

little or no tangential component (|,_%---0), the rotor blades are

usually straight and radial. This straight section of the rotor blade

generally is rather highly loaded, since angular nlomentum rVu (where

r is the radius, and Vu is the tangential component of absohlte velocity)

here varies with the square of radius. (Since W==0, V,=U_r,

where U is the blade speed. Therefore, rI_ocr2.) At the rotor exit,

the blades are curved to turn the flow, so that the exit absolute

velocity has little or no whirl.

Figure 10-3 shows the blading more clearly. The stator blade shape

shows that t)rewhirl is developed in the inlet volute. Also, the low

solidity (ratio of chord to spacing) and low aspect ratio that are

generally used in the stators of radial turbines can be seen. The

turbine shown here has splitter, or partial, blades between the full

blades in the rotor. They are used in the radial part of the flow passage
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tator

Votute--_

II

/- Rotor
/

FIGURE 10-2.--Radial-inflow turbine.

to reduce the blade loading. Splitter blades are discussed further in
the "BLADE DESIGN" section.

The expansion process in a radial turbine differs appreciably from

that in an axial turbine because of the radius change in the rotor.

The relative total temperature and pressure decrease with decreasing

radius, as was discussed in chapter 2 of volume 1 (see eq. (2-31) and

associated discussion). This is a distinct advantage for the radial

turbine because it permits the use of a lower velocity level for a given

overall expansion. This can be seen from the temperature-entropy

diagram in figure 10-4, which shows the expansion through the rotor

of a radial-inflow turbine. The change in relative total temperature

T" and the corresponding change in relative total pressure p" are

shown for the expansion. If this were an axial turbine (T;':T_'),

the p_' line would be only slightly below the p_' line (as shown in

fig. 2-8 of ch. 2), because the difference between p_' and p_" is due

only to rotor losses. For the radial turbine, as shown in figure 10-4,

the p_' line is farther removed from the P'L' line because the difference

is due to both the rotor losses and the change in radius. Therefore,
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St_or

blade_
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Rotor /
full /
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FmURE 10-3.--Turbine stator and rotor assembly.

expansion from the same rotor inlet total pressure p;' to the same

exit static pressure p2 would require a higher relative velocity W_ at
the rotor exit in an axial turbine than in a radial turbine (larger

vertical distance between p_' and p_ for an axial turbine.) Since fluid
friction losses in a rotor increase approximately with the square of

the relative gas velocity, the advantage of a lower level of velocity
is clear.

A radial-turbine velocity diagram is shown in figure 10-5 for a

turbine with prewhirl in the inlet volute and a mean diameter ratio

(exit-mean to inlet) of about 0.5. The difference between the blade

speeds U_ and Us is very evident. For a typical zero-exit-whirl velocity

diagram, the relative kinetic energy W_ leaving the rotor would be

approximately three times as high if Us equaled U1, as in an axial
turbine.
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2qJCp

Entropy

FIGURE 10-4.--Temperature-entropy diagram for a radial-inflow turbine rotor.

I

V2 U1

U2

FI(_URE 10-5.--VelociCy diagram.
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OVERALL DESIGN CHARACTERISTICS

Optimum Incidence

Since the blades are radial at the rotor inlet, the inlet flow angle _

shown in figure 10-5 is an incidence angle. There is some incidence

angle that provides optimum flow conditions at the rotor-blade leading

edge. This angle has a value sometimes as high as 40 ° with a radial

blade. This optimum incidence condition is analogous to the "slip"

factor in a centrifugal compressor, and is associated with the unloading

of the blade near the tip and the distribution of mass flow in the rotor

passage. Before the flow is influenced by the rotor blades, it is circum-
ferentially uniform. Blade loading then produces a large static-pressure

gradient across the passage, so that there is a streamline shift toward
the suction surface. Stream-function flow analyses of this flow condition

show that the streamline pattern properly locates the inlet stagnation

point when there is an "optimum" angle _. This l)attern is shown

schematically in tlgure 10-6. Note that the flow at the stagnation point

is at)proximately radial. If this ,,-ere not so, the flow would tend to

separate from the suction surface near the leading ,,dge, causing exces-
sive loss. Tim relation between V_._ an(t (;t has been studied analyti-

cally and experimentally in both compressors and turbines. It has

I/ / ii0r

FIaVRE 10-6.--Streamline flow at rotor inlet.

36



RADIAL-INFLOW TURBINE,S

been determined that there is an optimum ratio of V,.1 to U1. This

optimum ratio depends on blade loading and, consequently, blade

number and is often expressed as

V_.1_I 2 (10-1)
UI n

where n is the number of blades (total of full blades plus splitter
blades).

Effect of Specific Speed on Design Geometry and Performance

The specific speed parameter Ns (derived and discussed in ch. 2 of

vol. 1) is given by the equation

N NQ2112
s= _r_ (10-2)

where

N rotative speed, rad/sec; rev/min

Q2 volume flow rate at turbine exit, m3/sec; ft3/sec

H ideal work, or head, based oil inlet and exit total pressures, J/kg;
(ft) (lbf)/lbm

In its most commonly used form (with the stated U.S. customary

units), it is not truly dimensionless. Specific speed is independent of

size and may be considered as a shape parameter that expresses

geometric and velocity-diagram similarity.

Analytical study.--The effect of specific speed on efficiency may be
examined by substituting for N, Q:, and H as follows :

N KU1
=-_D_ (10-3)

Q2=_D2h2V2 (10-4)

H=_g \(Ah"_Ah]_ (10-5)

where

K

D1

D2

h2

v_

v,

g

dimensional constant, 2_r rad/rev; 60 sec/min

rotor inlet (tip) diameter, m; ft

rotor-exit mean-section diameter, m; ft

rotor-exit passage height, m; ft

rotor-exit fluid velocity (assumed to be in axial direction),
m/sec; ft/sec

ideal jet speed, based on inlet-total to exit-static pressure

ratio, m/sec; ft/sec

conversion constant, 1 ; 32.17 (lbm) (ft)/(lbf) (sec 2)
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hh_a ideal work based on inlet-total and exit-total pressures, J/kg;

Btu/]b

Ah_a ideal work based on inlet-total and exit-static pressures, J/kg;

Btu/lb

These substitutions and some manipulation result in the following

expression for specific speed:

( ___ y" (U,y '_ (V_ '_ (D_ _'_ (h _"_
N'=(C°nstant)\Ah'/,a \_] \U]_ \_] \D]2 (10-6)

The terms of equation (10-6) are related to velocity-diagram charac-

teristics and overall geometry. Any specific speed value can be achieved

by an infinite number of combinations of these ratio terms. A large

number of these combinations were examined analytically in reference

7 to determine optimum combinations over a wide range of specific

speed.

The analysis of reference 7 related losses to mean-diameter flow

properties, neglecting hub-to-shroud variations. The losses considered

were those caused by the stator and rotor boundary layers, blade-to-

shroud clearance, windage on the back of the rotor, and the exit

kinetic energy. The number of rotor blades was varied with stator-

exit flow angle at (in degrees) according to the equation

n=0.03 (a_--57)2+ 12 (10-7)

in order to provide the minimum number that would avoid separation.

This was the total number of blades (full plus splitter) used in equa-

tion (10-1) to establish the rotor incidence angle. Other assumptions
included a favorable reaction (W,,=2W_), zero exit whirl (V_.2=0),

a maximum limit of 0.7 for Dt.2/D1, and a minimum limit of 0.4 for

(Dh/D ,)2.

The effects of geometry and velocity-diagram characteristics were
examined by calculating the previously mentioned losses for a large

number of combinations of stator-exit flow angle al, stator-blade-

height to rotor-inlet-diameter ratio hl/D_, and rotor-exit to rotor-inlet

di.ameter ratio D,2/D1 at three rotor-tip critical velocity ratios (U/

Vc,)l. The static efficiency was then plotted against specific speed.
For the range of values used in the study, all of the calculated points

fell in the shaded areas shown in figure 10-7. Stator-exit flow angle is

seen to be a prime determinant of efficiency, which falls into a small

region for each stator-exit flow angle. The boundaries of each region
are set by the extreme values of input variables and by the assumed

geometric limits. For any given value of specific speed, there can be a

large variation in static efficiency, as much as 45 to 50 points for some

values. The dashed curve is the envelope of all the computed static

38



RADIAL-INFLOW TURBINES

c

loE.9

,8 --

7 --

0--

2
0

I
0

Stalor exit

flow angle,

o].,
deg

fotal efficiency corresponding to
curve of rna×imum static efficiency

/-CLlrve of lllaXill)Ul']

static efficiency

\
\

\
\

\

I I I
.2 .4 .6 .8 l,O 1.2 1.4

Specific speed, Ns, dii!lensionless

I I I I I I I I I
2t) 40 60 80 100 120 140 lO0 180

Specific speed, Ns, dt3/41_ll)r_ 3''4/mlinusecl'_2,1bf 3''4

FIGURE 10-7.--Effect of specific speed on computed design-point efficiency.

(Data from ref. 7.)

efficiencies, and the solid curve above it represents the corresponding

total efficiencies. The computed values of efficiency do not necessarily

represent achievable values, because there are many assumptions
associated with the loss model used in the study of reference 7. The

primary concern of that study, however, was to determine the opti-

mum geometry and velocity ratios.
Most of the geometric and velocity ratios vary continuously along

the envelope curves. The optimum values of some of these ratios as

functions of specific speed are presented in figures 10-8 to 10-11. Fig-

ure 10-8 shows that the optimum stator-exit flow angle is large at low

specific speed and decreases (opens to a larger flow area) with increasing

specific speed. Figure 10-9 shows that the optimum ratio of stator-blade

height to rotor-inlet diameter is small at low specific speed and in-

creases with increasing specific speed until a maximum is reached at
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FIGURE 10-8.--Effect of specific speed on optimum stator-exit angle.
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some value of specific speed depending on the overall level of velocity
in the turbine. The only effect that compressibility has on the opti-

mum geometric and velocity ratios is also shown in figure 10-9, where

it is seen that higher velocity levels result in smaller ratios of stator-

blade height to rotor-inlet diameter at any given specific speed.
Figure 10-10 shows that the optimum ratio of rotor-exit tip diam-

o

ii11

C_

(a) Specific speed, 0.23; 30 (ft 3/4) (Ibm 3f4)/(min) (sec _/2) (lbf 3/_). Stator-exit

flow angle, 81 ° .

(b) Specific speed, 0.54; 70 (ft a/_)(lbm a/4)/(min) (sec 1/2) (lbf 3/4). Stator-exit

flow angle, 75 ° .

(c) Specific speed, 1.16; 150 (ft 3/4) (ibm */4)/(min) (sec 1/_) (lbf _/_). Stator-exit

flow angle, 60 ° .

FIGVRE 10-12.--Sections of radial turbines of maximum static efficiency.

(Data from ref. 7.)
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eter to rotor-inlet diameter is small at low specific speed and in-

creases rapidly with increasing specific speed until the imposed limit

of D,2/Dl_0.7 is reached. It is seen from figure 10-11 that the

optimum blade-jet speed ratio U1/V s varies with specific speed in a

manner similar to the variation of static efficiency.

The optimum values shown in figures 10-8 to 10-11 can be used for
the design of radial-inflow turbines. Sections of turbines with optimum

geometries are shown in figure 10-12 for three values of specific speed.

These sections show that specific speed is largely an index of flow

capacity.

The design study of reference 7 also indicated the variation in the

different losses along the curve of maximum static efficiency. This is

shown in figure 10-13 for the range of specific speed covered. For low

values of specific speed, the stator and rotor viscous losses are very

o
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I , I , 1,1,1
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Specific spee(, Ns, qft3_"_ Ihm3"4J/i mid :,_s_:_cl'2HIbf 3'4',

FIGURE 10-13.--Loss distribution along curve of maximum static efficiency.

(Data from ref. 7.)
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large because of the high ratio of wall area to flow area. Also, the

clearance loss is large because the blade-to-shroud clearance is a

relatively large fraction of the passage height. The windage loss,

which depends on primarily the diameter and rotative speed, is also

large at low specific speed because of the low flow rate. As specific

speed increases, the stator and rotor losses, clearance loss, and windage

loss all decrease because of the increased flow and area. The exit

kinetic-energy loss becomes predominant at high values of specific

speed.

(a) Design rotor. (b) Rotor with exducer extension.

(c) Cut-back rotor.

FIGURE 10-14.---Rotor configurations used in specific-speed study of reference 8.
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Experimental study.--In order to determine experimentally the

effect of specific speed on turbine efficiency, a turbine was modified

(ref. 8) to accept a series of stator blade rows with different numbers

of blades and different blade angles. The rotor was fitted with an

extension for reduced area operation and was also cut back for in-

creased area operation. These modifications were used to vary the

stator throat area from 20 to 144 percent of the design throat area and

to vary the rotor throat area from 53 to 137 percent. This allowed the

turbine to be operated over a large range of specific speed. Figure 10-14
shows the rotor as designed, with the reduced-area extension, and cut

back. Details of the geometry, test results, and internal velocity

calculations are given in reference 8.

Performance was determined experimentally for 13 combinations

of stator area and rotor area. Figure 10-15 shows the envelopes of the
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c
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FIOURE 10-15.--Experimental variation of efficiency with specific speed• (Data

from ref. 8.)
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design-speed efficiency curves obtained with each rotor configuration,

as well as the overall envelope curve. Specific speed for each stator-

and-rotor combination was varied simply by varying overall pressure

ratio at design speed. Note that total efficiencies over 0.90 were

measured for specific speeds from 0.37 to 0.80 (48 to 103 (ft 3/4)

(lbmaJ4)/(min)(seC/2)(lbf3/')). Maximum efliciencies were obtained
when the ratio of stator throat area to rotor throat area was near the

design ratio. Maximum static efficieneies of about 0.90 were measured

in the specific speed range of about 0.4 to 0.5 (51 to 65 (ft 3/*) (lbma/4)/
(min) (seC j2) (lbP14) ).

The investigation of reference 8 showed that a particular basic

design could be used for a variety of applications (different specific

speeds) and, even though the distribution of internal velocities is

considerably off design, still yield high efficiency. Further, a radial

turbine might he used to advantage in applications requiring variable

stators. In this investigation, the volume flow rate varied by a factor

of nearly three, with total efficiency remaining over 0.90. In addition,

the parallel endwalls of the stator blade row minimize the potential
for leakage.

Effect of Blade-to-Shroud Clearance

Clearance between the blade and tile shroud must be adequate to

avoid contact during speed and thermal transients, but it must be

minimized to avoid loss of work due to flow bypassing the blades,

generation of turbulence, and blade unloading. The efficiency loss
due to blade-to-shroud clearance was one of the losses included in the

previously discussed specific-speed analysis. For the losses shown in

figure 10-13, the clearance loss was based on an average clearance
as determined from constant values of rotor-inlet and rotor-exit
clearance-to-diameter ratios.

The effects of blade-to-shroud clearance at the rotor inlet and at

the rotor exit on radial-inflow turbine efficiency were determined

experimentally in the study of reference 9. The results of these studies

are presented in figure 10-16, which shows the effects of both inlet

clearance and exit clearance. Increasing exit clearance causes a

significantly greater loss in turbine efficiency than does a comparable
increase in inlet clearance. It is the exit clearance that determines

the fraction of the flow that is fully turned to the exit blade angle.
Since it is the turbine stator that produces the rotor inlet whirl,

design flow turning can be achieved even with a relatively large inlet

clearance. With equal inlet and exit clearances (in terms of percent

of passage height), there was about a 1-percent loss in efficiency for

each percent increase in clearance.
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FIGURE 10-16.--Effects of inlet and exit clearances on total efficiency. (Data

from ref. 9.)

An axial-flow turbine with the same flow conditions as a radial-

inflow turbine would have a larger relative clearance (percent of rotor-

exit passage height) than would the radial-inflow turbine. The larger

rotor-exit diameter of the axial-flow turbine would result in a larger

absolute clearance (since required clearance is largely a function of

diameter) and a smaller passage height (in order to have same annulus

area). This may be one of the reasons, along with the lower kinetic-

energy level previously discussed, for the efficiency advantage of a
radial-inflow turbine over a small axial-flow turbine for the same

application.

BLADE DESIGN

The curves (figs. 10-8 to 10-11) relating turbine geometry and

velocity ratios to specific speed are useful in preliminary design studies
for a particular turbine problem. They can be used to determine tur-

bine size and shape, as well as the design velocity diagram. The next
part of any design problem involves the examination of internal flow

in order to determine the best stator and rotor blade profiles. The

methods and computer programs discussed in chapter 5 (vol. 2) are
used for this purpose.

Internal Flow Analysis

Stator.--Stator blade aerodynamic design is relatively straight-

forward. Typically, the blades have relatively little camber, long

chords, and parallel endwalls. A long chord is usually specified because
large blade profiles are easier to machine and because the small number
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of blades (long chord means large spacing for a given solidity) means
lower cost. Also, long chords are desirable because tile stator blades

serve as structural supports for the shroud. The aerodynamic penalty
associated with the added endwall area (over that of short-chord
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FmvaE 10-17.--Stator blades with surface-velocity distributions.
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blades) is small because of the high reaction and the resultant favorable

boundary-layer conditions.

A two-dimensional flow analysis may be used for the stator because

of the parallel or near-parallel endwalls. The stream-function method

described in reference 10 provides satisfactory subsonic and transonic

solutions. Input information for the computer program includes flow

rate, fluid properties and conditions, inlet and outlet flow angles, and

a complete specification of blade geometry. The calculated blade-
surface velocities are examined for smooth acceleration and magnitude

and rate of local decelerations. Successive trials are made with varying

solidity, blade number, and distribution of blade curvature until

satisfactory velocity distributions are obtained for the pressure and
suction surfaces.

Figure 10-17(a) shows the stator blade and passage profiles for a

radial-inflow turbine in which the flow entering the stator has no

prewhirl. The calculated suction- and pressure-surface velocities are

shown in figure 10-17(b). Except for a small deceleration at the

pressure-surface leading edge, the flow accelerates continuously on
both surfaces. The calculated velocities near the trailing edge may be

used to determine whether the blade row can accomplish the design

turning. If the suction and pressure surface velocity curves remain

open at the trailing edge, the input value for the free-stream exit flow

angle specifies more turning than the blades can provide. Conversely,

if the curves cross before the trailing edge, the blades will provide

more turning than is specified by the input flow angle.

Rotor.--The design of rotor blading is appreciably more difficult

than that of stator blading because of adverse pressure gradients
(decelerations) encountered and because of the three-dimensionality

of the design. The computer program of reference 11 is particularly

suitable for screening various combinations of shroud contour, hub

contour, number of blades, blade thickness distribution, and blade

curvature. This approach, which was developed specifically for radial-

inflow turbines, uses the velocity-gradient method, with integration

of directional derivatives along fixed arbitrarily located straight lines

(called quasi-orthogonals) that intersect all streamlines in the meridi-

onal plane. A meridional-plane section with several of these quasi-

orthogonals is shown in figure 10-18. A complete meridional solution

of velocities and streamlines is obtained. Blade-surface velocities are

then calculated approximately in the program of reference 11 with an

equation based on irrotational absolute flow and a linear velocity
distribution between blades. These blade-surface velocities are used

to evaluate the various geometries primarily on the basis of obtaining

smooth accelerations and avoiding severe decelerations.
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FIGURE 10-18,--Meridional section through radial-inflow turbine.

Blade-surface velocity distributions, as calculated from the merid-

ional-plane solution of reference 11, at the hub, mean, and shroud

sections of a radial-inflow turbine rotor are shown in figure 10-19.

In figure 10-20 are shown the velocity distributions for the same

blading, but as calculated by the stream-function method of reference

10. The surface velocities calculated from the meridional-plane

solution agree fairly well with those of the stream-function solution

over most of the blade. It can be seen, however, that an appreciable

difference between solutions occurs at the leading and trailing edges.
The linear velocity variation used in the meridional-plane solution

method does not reflect the blade unloading that actually occurs in

these regions. The stream-function method determines the blade

surface velocities in a more rigorous manner. However, the meridional-
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FmURF. 10-19.--Rotor-blade surface-velocity distributions from meridional-plane

solution.

plane program (ref. 11) is easier and quicker to use than the stream-

function program (ref. 10) and, thus, provides a better means for

rapid screening of the many design variables. A lesser difference occurs

in the intermediate portion of the blade passage. In the meridional-
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FmuaE 10-20.--Rotor-blade surface-velocity distributions from stream-function

solution.

plane analysis, the flow is assuined to be circumferentially uniform,

and the mean stream surface between the blades follows the prescribed
mean blade surface. The stream-function solution considers blade-to-

blade variations in the flow and defines a mean stream surface between
blades that deviates from the mean blade surface. The distribution

of blade loading, then, is also somewhat different.

Figures 10-19 and 10-20 illustrate the hub-to-shroud variations
in the surface velocities and the blade loading, as well as the variations

along the flow path. The blade is more heavily loaded along the shroud

than elsewhere becau_ of the lower solidity and the shorter flow path.

Also, the shroud is a region of high flow. Therefore, the shroud is

generally considered the most critical region and is examined most
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carefully for favorable blade-surface velocity distributions. The

loading near the rotor inlet, where the flow is nearly radial, is con-

siderably higher than the loading near the rotor exit, where the flow

is nearly axial. The high loading at the inlet is due primarily to the

previously discussed rapid change in angular momentum (rV, ocr _)

in that section. This high loading near the inlet could be reduced by

50 percent through the use of splitters, which are discussed in the

next section. The rear part of the hub surface shows a very low blade

loading. This results principally from the long flow path and the great

decrease in blade spacing from inlet to exit at the hub section. In this

particular turbine, the blade spacing decreased by about 75 percent.

Splitter Blades

As indicated previously, the blade loading is highest at the rotor

inlet, where the flow is radially inward. If this loading is excessive,

as indicated by negative velocities calculated for the pressure surface

and/or large decelerations on the suction surface, it can be reduced

by using partial blades between the full blades in the radial part of
the rotor. Such partial blades are shown in figure 10-3 and are com-

monly called splitter blades. When splitter blades are used, the

reduced loading results in decreased boundary-layer losses per unit
of surface area. However, there is now the additional surface area of

the splitter blades to offset the reduced loss per unit area. A judgment
must be made, therefore, as to whether the use of splitter blades will,

on balance, be beneficial.

The effect of splitter blades on turbine performance was examined

experimentally in the study of reference 12. A turbine designed with

splitter blades was built and tested. The splitter blades then were
removed, thereby doubling the blade loading in the upstream half
of the rotor. Channel velocities were calculated for both cases. When

the splitters were removed, calculated negative velocities on the

pressure side of the blade indicated a reverse-flow eddy extending
from the hub almost to the meridional 50-percent streamline, and a

large increase in loading upstream of what had been the splitter

trailing-edge location.
Turbine performance data (ref. 12) taken over a range of speed and

pressure ratio showed very little difference in efficiency between the

splitter and the no-splitter cases. The loss increase due to the loading

increase when the splitters were removed was apparently offset by
the reduced surface area. This result and the previously discussed

effect of blade-shroud clearance indicate an insensitivity of efficiency

to poor flow conditions near the rotor leading edge. The low inlet

velocity and favorable rotor rca(:tion in a radial-inflow turbine pro-

vide an appreciable margin of tolerance toward such conditions.
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OFF-DESIGN PERFORMANCE

The performance characteristics of radial-inflow turbines are slightly
different from those of axial-flow turbines. In an axial-flow turbine at

all rotor speeds, the flow rate becomes zero only when the turbine

pressure ratio (inlet-total- to exit-static-pressure) is one. In a radial-

inflow turbine, however, this is only true at zero speed, as illustrated
in figure 10-21. With rotation, the centrifugal force on the fluid

within the rotor must be balanced by a pressure gradient directed

radially inward. Therefore, there is some small pressure ratio across

the turbine even with no flow (see fig. 10-21). This zero-flow pressure

ratio increases with speed because of the increasing centrifugal force.

The variation of efficiency with blade-jet speed ratio, illustrated

later in this section, for a radial-inflow turbine is very similar to that

for an axial-flow turbine. The efficiency decrease as blade-jet speed
ratio varies from the peak-efficiency point is slightly more rapid in
the case of the radial-inflow turbine.

Prediction techniques for off-design performance are valuable in

many situations. Estimated performance data can be useful in system

studies to examine start transients and various operating conditions

before any hardware is built. They can also be used to help select

design modifications where system components may not be matched

or to study the use of variable geometry. The approach in these
off-design calculation methods is somewhat different from that used

in design studies. In the off-design calculations, the geometry is
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fixed, the working-fluid inlet conditions are fixed, and the variables

are blade speed and pressure ratio. Losses calculated for the stator and

rotor depend on loss coefficients selected to force agreement between

calculated and experimental or design values at the design operating

point. Additional losses considered for subsonic flows are the rotor

incidence loss and the exit kinetic-energy loss.

A radial-inflow turbine off-design performance calculation method

developed at the NASA Lewis Research Center is described in ref-

erence 13, and the associated computer program is presented in

reference 14. Figures 10-22 and 10-23 illustrate results obtained
from a modified version of this computer program by presenting

calculated performance over a range of speed and pressure ratio and

comparing this with experimental performance. The mass flow esti-

mation in figure 10-22 shows an accurate representation of the ex-

perimental variation of mass flow rate with pressure ratio. Total and

static efficiencies plotted against blade-jet speed ratio are shown

in figure 10-23. The calculated efficiencies are generally within 1 per-
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cent and at most 2 percent of the experimental values. The calcu-

lations are sufficiently accurate to provide a valuable tool in the

examination of overall system performance prior to fabrication and
testing of the various components.

].00--

• 90 --

80 --

g .7o -
u

y_ .6o-

llO

90 loo

70 Percent ol

/

I I l

design speed

i<:l 50

Experimental_ 9070

I0 lO0
1lO

Ca Icu laled

Design

I I 1

L
o_

£
c_

.8O

7O

.59

• 40

.3O

_ 3O
Design

J I I J I I
.2 .3 .4 .5 6 .7 .8 .9

Blade ietspeedrat_, U1V j

FIGURE 10-23.--Comparison of calculated and experimental efficieneies for off-

design operation.

56



RADI'A.L-INFLOW TURBIL,TE_

REFERENCES

1. SAWYER, JOHN W., ed.: Gas Turbine Engineering Handbook. Gas Turbine

Publications, Inc., 1966.

2. SHEPHERD, D. G.: Principles of Turbomachinery. Macmillan Co., 1956.

3. RODOERS, C.: Efficiency and Performance Characteristics of Radial Turbines.

Paper 660754, SAE, 1966.

4. LAGNEAU, J. P.: Contribution to the Study of Advanced Small Radial Tur-

bines. Int. Note 38, von Karman Institute of Fluid Dynamics, Mar. 1970.

5. WOOD, HOMER J.: Current Technology of Radial-Inflow Turbines for Com-

pressible Fluids. J. Eng. Power, vol. 85, no. 1, Jan. 1963, pp. 72-83.

6. HIETT, G. F.; AND JOHNSON, I. H.: Experiments Concerning the Aerodynamic

Performance of Inward Flow Radial Turbines. Paper 13 presented at the

Thermodynamics and Fluid Mechanics Convention, Inst. Mech. Eng.,

London, Apr. 1964.

7. ROHLIK, HAROLD E.: Analytical Determination of Radial Inflow Turbine

Design Geometry for Maximum Efficiency. NASA TN D-4384, 1968.

8. KOFSKEY, MILTON G.; AND NUSBAUM, _vV[LLIAM J.: Effects of Specific Speed

on Experimental Performance of a Radial-Inflow Turbine. NASA TN

D-6605, 1972.

9. FUTRAL, SAMUEL M., JR.; AND HOLESKI, DONALD U.: Experimental Results

of Varying the Blade-Shroud Clearance in a 6.02-Inch Radial-Inflow

Turbine. NASA TN D-5513, 1970.

10. KATSANrS, THEODORE: Fortran Program for Calculating Transonic Velocities

on a Blade-to-Blade Stream Surface of a Turbomachine. NASA TN D-5427,

1969.

l ]. KATSANIS, THFODORE: Use of Arbitrary Quasi-Orthogonals for Calculating

Flow Distribution in the Meridional Plane of a Turbomachine. NASA

TN D-2546, 1964.

12. FUTRAL, SAMUEL _I., JR.; AND WASSERBAUER, CHARLES A.: Experimental
Performance Evaluation of a 4.59-Inch Radial-Inflow Turbine With and

Without Splitter Blades. NASA TN D-7015, 1970.

13. FUTRAL, SAMUEL M., JR.; AND WASSERBAUFR, CHARLES A.: Off-Design

Performance Prediction with Experimental Verification for a Radial-

Inflow Turbine. NASA TN D-2621, 1965.

14. TODD, CARROLL A.; AND FUTaAL, SAMUEL M., JR.: A Fortran IV Program

to Estimate the Off-Design Performance of Radial-Inflow Turbines.

NASA TN D-5059, 1969.

57



TURBINE DESIGN AND APPLICATION

Cp
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SYMBOLS

specific heat at constant pressure, J/(kg) (K) ; Btu/(lb) (°R)

diameter, m; ft
conversion constant, 1 ; 32.17 (Ibm) (ft)/(lbf) (sec 2)

ideal work, or head, based on inlet and exit total pressures,

J/kg; (ft) (lbf)/lbm

passage height, m; ft
ideal work based on inlet-total and exit-static pressures,

J/kg; Btu/lb
ideal work based on inlet-total and exit-total pressures,

J/kg; Btu/lb
conversion constant, 1 ; 778 (ft) (lb)/Btu

conversion constant, 2_ rad/rev; 60 sec/min

rotative speed, rad/sec; rev/min

specific speed, dimensionless; (ft 314)(lbm314)/(min)(sec l/_)

(lbf_ _)

total number of blades (full plus partial)

absolute pressure, N/m2; lb/ft _

volume flow rate, m3/sec; ft3/sec

radius, m; ft

absolute temperature, K; °R

blade speed, m/sec; ft/sec
absolute velocity, m/sec; ft/sec

ideal jet speed, based on inlet-total- to exit-static-pressure

ratio, m/sec; ft/sec
relative velocity, m/sec; ft/sec

fuid absolute flow angle measured from meridional plane,

deg
fluid relative flow angle measured from meridional plane,

(leg

Subscripts:

cr critical flow condition (sonic velocity)

h hub

t tip

u tangential component
0 at stator inlet
1 at stator exit or rotor inlet

2 at rotor exit

Superscripts:

' absolute total state

" relative total state
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CHAPTER11

TurbineCoolin 

ByRaymondS.Colladay

The trend towards higher compressor pressure ratios and turbine-

inlet temperatures to increase thrust and cycle efficiency has led to the

necessity of cooling turbine blades, vanes, and end walls to meet life

requirements. In this chapter, the term "vane" refers to a stator air-
foil, while the term "blade" refers to the rotor airfoil. The hot com-

bustor discharge gases enter the first vane row at peak temperatures

frequently in excess of 1644 K (2500 ° F). In order to preserve the

integrity of the turbine components in this hostile environment, air
bled from the compressor is routed through the internal passages of the

airfoils for cooling and then is dumped into the main gas stream at

discrete locations around the blade or vane. This inevitably results in

losses, both across the turbine and in the overall cycle thermodynamic

efficiency. Consequently, very effective cooling schemes which utilize

a minimum of air are required.

GENERAL DESCRIPTION

In any turbine cooling design, one must make a complete energy

balance on the blade (or vane, or end wall) to arrive at a cooling

configuration which meets a given metal temperature limit. The

analysis can be broken up conceptually into three parts: (1) The

prediction of the heat flux to the blade from the hot gas stream. This

requires an understanding of the boundary-layer development over
the airfoil, the location of the transition from laminar to turbulent

flow, the potential-flow velocity distribution, and the temperature

profile (pattern factor) of the gas leaving the combustor (or other heat
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source). (2) A steady-state or transient heat-conduction analysis to

provide a detailed map of metal temperatures for blade-stress predic-

tions. And, (3) the prediction of complex internal coolant flow paths

for convection-cooling calculations. To maintain closure on the energy

balance, the entire heat transfer process--convection from hot gas to
blade, conduction through the blade wall, and convection from blade

to coolant--must be treated simultaneously.

Let us for a moment oversimplify the problem by considering a one-
dimensional model of a turbine-blade wall on the suction or pressure

surface (see fig. 11-1). The heat flux to the blade can be expressed as a

product of a hot-gas-side heat-transfer coefficient and the temperature
difference between the gas and the wall. The gas temperature is ex-

pressed as an effective gas temperature, which for convection cooling

is the adiabatic or recovery temperature (the temperature the surface

would reach if there were no cooling). For purposes of this illustration,

let the adiabatic wall temperature be the total gas temperature.
Therefore,

q=hg(T,'--Tw, o) (11-1)
where

q
h_

Tgt

Tw,o

heat flux, W/mS; Btu/(hr) (ft _)

heat-transfer coefficient of hot gas, W/(m 2) (K); Btu/(hr)(ft 2)
(°R)

total temperature of hot gas, K; °R
temperature of wall outer surface, K; °R

6O

×

FI(]URE 11-1.--Simplified one-dimensional model.



TURBINEO00LING

The heat removed from the wall, expressed in the same manner, is

q=hc(T_, _-- T J) (11-2)
where

hC

(OR)

T_., temperature ofwallinner surface,K; °R

T_' total temperature of coolant, K; °R

The temperature drop through the wall is given by

k_ dT k_
q=-- d-y=l (T=. ,-- T=. ,)

where

heat-transfer coefficient of coolant, W/(m2)(K); Btu/(hr)(ft 2)

(11-3)

kw thermal conductivity of wall, W/(m)(K); Btu/(hr)(ft)(°R)

y coordinate normal to wall surface, m; ft
1 wall thickness, m; ft

The second equality holds only for constant thermal conductivity.

As is frequently done in a first-order design, let the heat-transfer

coefficient he be approximated by a correlation for flow over a fiat

plate. For a turbulent boundary layer, the fiat-plate local Nusselt

number Nu is given by

Nux_ _ 0.0296 Re°_' "Pr _13 (11-4)
tQ

where

z

Re_
Pr

The Reynolds number is defined as

Re_= pu_x
la

where

distance along surface from leading edge of flat plate, m; ft

Reynolds number based on distance z
Prandtl number

(11-5)

p density, kg/m"; lbflt 3

u z component of hot-gas velocity in z direction, m/sec; ft/sec

u viscosity, (N) (sec)/m2; lb/(ft) (sec)

and the Prandtl number is defined as

where

(11-6)
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K dimensional constant, 1; 3600 sec/hr

c_ specific heat at constant pressure, J/(kg)(K); Btu/(lb)(°R)

For an ideal gas, equation (11-5) can be substituted into equation

(11-4) to yield

h-k'- [_--x (0"0296)Prl/3 P_' VRT_

whe re

p',
3'

g
R

M

Mx "-]o.8

(11-7)

total pressure of hot gas, N/m2; lb/ft 2

ratio of specific heat at constant, pressure to specific heat at.
constant volume

conversion constant 1 ; 32.17 (lbm) (ft)/(lbf) (sec 2)

gas constant, J/(kg) (K) ; (ft) (lbf)/(lbm) (°R)
Mach number

where

C

Re,

Wc

On the coolant side, a number of cooling schemes can be used, but in

general,

h,----CRe_'_Pr"----c( W_=J_)'I'r" (11-8)
• ./_# '

constant dependent on coolant-passage geometry
Reynolds number based on characteristic length_./_

coolant mass flow rate, kg/sec; lb/sec

characteristic length for coolant passage, m; ft

coolant-passage flow area, m2; ft 2

For turbulent convection cooling, m=0.8 and _=1/3. Since efficient

cooling is desired, internal laminar flow (m =0.5) should be avoided.

Now, consider the temperature profile through the blade wall, as

depicted in figure 11-2, when the pressure p_' and temperature T_' of

the hot gas are increased and the wall outer temperature T_,o is kept

constant (going from state 1 to state 2 in fig. 11 2). From equations

(11-7) and (11 1), the heat flux to the blade increases with pressure to

the 0.8 power and it increases with increasing gas temperature. The

increased heat flux raises the temperature drop through the wall (i.e.,

decreases T,,,, for a fixed wall outer temperature T_.o). At the same

time, the compressor bleed air temperature increases (higher colnpres-

sor pressure ratio), so the temperature difference (T,,, ,-T,') available

for convection cooling is sharply re(1,ccd. The heat flux q must be

removed, otherwise the outer wall telnperature will increase. Therefore,
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FIGURE 11-2.--Gas temperature and pressure effect on temperature drop through
the wall.

hc must be increased by increasing the coolant flow we. The limiting

case, as seen from figure 11-2, is state 3, where the inside wall tempera-
ture and coolant temperature axe equal; therefore, he must be infinite,

and an infinite coolant flow is required. Of course, this condition is
impossible to achieve.

Because of limited internal passage size and the restriction on the

quantity of cooling air available and on its supply pressure, a limit to
the capabilities of plain convection cooling is apparent. Figure 11-3

from reference 1 shows the highly nonlinear increase in cooling air

required for convection cooling as pressure and temperature increase.

The limit in the application of advanced convection cooling is about

1644 K (2500 ° F) hot-spot turbine-inlet temperature and about 20

atmospheres pressure. To exceed these gas conditions while main-

taining reasonable operating blade-metal temperatures, cooling
designs must incorporate film or transpiration cooling. Figure 11-3

shows the potential savings in cooling air with the use of transpiration

cooling or combined film and convection cooling as compared to

convection cooling only. Figure 11-4 illustrates the basic methods for

air-cooling turbine components (figs. 11-4(a) to (e)), and it also shows

examples of blades cooled by one or more of these cooling methods
(figs. 11-4(f) to (i)).

Film cooling is an effective way to protect the surface from the hot

gas stream by directing cooling air into the boundary layer to provide

a protective, cool film along the surface. The effective gas temperature
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l Turbine-inlet

pressure,

Pcj,in,
atm

3 40 20 10

o

E
i ,..f 5 to 40

_ 5 Io zlo

o I
1400 1600 1800 20(Y3 2200

Turbine inlet temDerature, f_, in, K

-- Convection cooling
----- Film and convection

cooling
-- -- -- Transpiration cooling

I I I I
2000 2500 3000 3500
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FmURE l l-3.--Effect of turbine-inlet pressure and temperature on coolant

flow requirements.

in equation (11-1) becomes the local film temperature, and the heat
flux to the blade is then

q=hg( T'_,z,,-- T,_,o) (11-9)

where T)_ is the total temperature of the gas film, in K or °R. It is
frequently assumed that the heat-transfer coefficient in this equation
is the same as in the non-film-cooled case.

The injection of film air into the boundary layer causes turbine aero-
dynamic losses which tend to reduce some of the advantages of using
higher pressures and temperatures. The aerodynamic and heat-
transfer designs must be integrated to achieve an optimum configura-
tion which ensures blade metal temperatures consistent with long-life

objectives yet minimizes the loss in turbine efficiency.
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Transpiration cooling of a porous blade wall is the most efficient air-

cooling scheme available, but it has significant drawbacks which

currently limit its use to advanced designs operating under extreme

heat-flux conditions. For efficient transpiration cooling, the pores

should be small, which leads to problems of blockage due to oxidation

and foreign contaminates. Also, the aerodynamic losses can be severe

because of normal injection of cooling air into the boundary layer.

To offset this latter point, however, it must be recognized that trans-

piration cooling requires less cooling air than other cooling schemes.

A typical transpiration-cooled blade is shown in figure 11-4(i). Full-

coverage film cooling from an array of discrete holes, as illustrated in

figure ll-4(h), is an attempt to draw on some of the advantages of

transpiration cooling without paying the penalties mentioned.

Cooling air Zn _ Xn i--,_

_ap {b)

Ic}

c:, c, '::PM/_

(d_

(el

(a) Convection cooling. (b) Impingement cooling.

(c) Film cooling. (d) Full-coverage film cooling.

(e) Transpiration cooling.

FIOURE ll-4.--Methods for turbine blade cooling.
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Radial outwardairflow into chamber_

Film cooled-k ///_jz/

Convection k, ////_,/ /// ,4" Convection

z_ Impingement inlet

cooled airflow
(tl

t,_-\lmpingeme nt cooled Convection
, .._._l_m_'rn.e_,,._ cooied .-_

tg_

IhJ

_-]ranspiration cooled F Wire-form
/ porous sheet

(f) Convection-, impingement-, and film-cooled blade configuration.

(g) Convection- and impingement-cooled blade configuration.

(h) Full-coverage film-cooled blade configuration.

(i) Transpiration-cooled blade configuration.

FIGURE 11-4.--Concluded.

HEAT TRANSFER FROM HOT GAS TO BLADE

Boundary-Layer Equations

General equations.--The transfer of heat to the blade is confined to

the boundary-layer region very near the surface, where large velocity
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and temperature gradients are present. Consequently, to describe the

heat-transfer process, the following boundary-layer equations,

introduced in chapter 6 (vol. 2), must be solved:

Conservation of mass

OxO(Ou)+_ (0v+7;77)=0 (11-10)

where

()'

()

Conservation of momentum

Ou Ou dp c)
pu _+(pv+p'v') -_= --9 -_+g _t r+gpB_

where

time-average value of velocity component in y direction,

m/see; ft/sec

fluctuating component

time-averaged quantity

T

Bx

Conservation of energy

OH , ,- OH 0 / 1 ur\
pu Ox +(Ov+o v )-_y=-O_i,._q+-j)+Q

where

H

J

Q

(11-11)

local shear stress, N/mS; lb/ft 2

component of body force in the x direction, N/kg; lbf/lbm

(11-12)

total enthalpy, J/kg; Btu/lb

conversion constant, 1 ; 778 (ft) (lb)/Btu

heat-generation term, W/ma; Btu/(sec) (ft 3)

The dependent variables p, u, v, and H are time-average values (i.e., _,

_, ,';, and H, as denoted in eh. 6), with the overbar being understood.

The solution of these equations requires appropriate expressions

for tile shear stress and heat flux through tile hydrodynamic and

thermal boundary layers. The laminar contribution to molecular

diffusivity of heat and momentum is straightforward, but our limited

understanding of turbulent flow requires the use of various assump-

tions in describing the turbulent counterpart. One such assumption,

which bears little physical resemblance to the structure of turbulence

but has persisted because of its simplicity and success in predicting

turbulent transport processes, is Prandtl's mixing-length hypothesis

for eddy diffusivity of heat and momentum. The shear stress and

heat flux are expressed as the sum of the laminar and turbulent
(:ontributions :
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llIld

where

o[ Ou ..-:-z'=., \

_, i 0/, ":7-_v\
q /_p/o_z ..,- -- r

\ OZl

(11-13)

c11-14_

va ]aniiaar eoinponeni of inonientuni ditfusivity kinenilitic viscos-

ity), III2SSeI:; fl_isee

eL hllllinar ('Ollll)OllOlli of holtl difl'usivily, 111_ SOl' fta:"sec

d static enthlilpy, ,l/kg; Btu,'lh

Tile turbul0nl shellr stress u'C' lllid heat. flux r_/, ' are lisS/iliied propor-

lional to the respeetiw, gradienls ill the llleltll t]OW variltble; thai is,

Ou

,'v': --vr _ffy Ill- 1,5)

iiln(]

-- 0/,

_'d' --%'Oy t11-16)

wliere the subscrit)t T denote-_ the turl)lileilt eonipoill,ni of nionieliluni

and }leltt diffusivit v.

Equations (11-13) and (11-14) can lht,n be written ll,_

p O_x p Ou

.<)'aTg
and

a/,,
¢1= KP(CtL-I-°_r) OOi_- Kp(_ Oy 11-1<"4,

The preceding Imlindary-layer eqlia_ioil,_ a_,slillie leniperature-wu'iabh,

properties and eonqm,ssibh,, luiqmh'nl flow_, (ilMu-dve of laminar.

flow whore both Vr and cir approach zero). If the varialion in specific
heal cp is neglected illid there is no internal heal 7en,,r:liion, the eliei'g.v

equillioiI l'edllCOS to equatioli (6 42).

If toniperature-variabh, properties are as,_umed al lhe onselL of the

analysis, all boundary-htyer equalions nlust be solw,d sinmltaneousls.

However, con,_tant properties are frequently assunied, and experi-

menial data are usually laken under approxiniate]) isothernull condi-

lions. The final resulls are theli corrected Io account for lelilperi/ltlre-

variable properlios. ']'hose corrections will be considered ill 11htler
section.

Integral eq)tations.--As we saw in chapter 0 (vol. ,'2) with the momen-

tum equation, it is often convenient to solve the boundary-layer

equations from an integral approach in terms of integral parameters
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such as momentum and displacement thicknesses rather than in terms

of discrete velocity profiles. Just as the displacement and momentum

thicknesses derive their meaning from the integral momentum equa-

tion, so the enthalpy thickness is a significant boundary-layer param-

eter for the integral energy equation. The enthalpy thickness A is
defined as follows:

A=fo ®pu(H--H,)dy
p,u,(H_, o--H,) (11-19)

Note that the subscript g refers to the free-stream value denoted by

the subscript e in chapter 6. For low-velocity, constant-property flow,

fo u(T'--T',)dy
A= (11-20)

_,(T_. o--I,')

The enthalpy thickness is a measure of the convected energy decre-

ment caused by the boundary layer.

The integral energy equation can be derived either by integrating

equation (11-3) or directly by balancing the transport of energy

across the boundary of a control volume containing the hydrodynamic

and thermal boundary layers (for details see ref. 2). In either case,

the resulting integral energy equation for compressible flow with

temperature-variable properties and mass transfer at the wall is

q Pc_¢

Kp,u,(H,.o--H,) k_,u,

:_+A[(1--M,2) 1du'' i dx(H,,o--H,)_ (ll-21)_ -_'t- ( H_. o--H,) "

Note that if we make restrictive assumptions of constant properties,

zero pressure gradient, low-speed flow (incompressible), no mass
flux at the wall, and constant temperature difference (T,_.o--T,')

with x, then equation (11-21) reduces to its simplest form,

q d_
(11-22)

Kpu,cp( T_. o-- I,')-- dx

If a local heat-transfer coefficient h,._ is defined as

then,

q (11-23)
h"'--(T,, o--T/)

h,.z dA=st_ (11-24)
Kpu, cp dx
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The group of variables on the left side is dimensionless and is called

the local Stanton number SG, which is also equal to

St Nu_ (11-25)
X--Re_Pr

Notice from equations (6-72) and (6-75) that with similar assump-

tions, the integral momentum equation resulted in

Ci.x d0 (11-26)
2 dx

For compressible flow, there is dissipation of kinetic energy into
thermal energy by viscous shear within the boundary layer. This is

characterized by an increase in the static temperature near the wall

as shown in figure 11-5. The effective gas temperature T_.e, or adiabatic

wall temperature T_.a, is the temperature the wall would reach if it

were uncooled and is, therefore, a measure of the viscous heating in

the boundary layer. This dissipation of kinetic energy is related to
the recovery factor r defined by the following equation:

Tg_=Twa=tgq-r ug2 (11-27)
• ' 29Jcp

where tf is the hot-gas static temperature, in K or °R. For laminar

flow, the recovery factor can be approximated by PH I_, while for a

turbulent boundary layer, r is assumed to equal Pr _/3.It is not surpris-

.Ing that the Prandtl number has an effect on the adiabatic wall

temperature. The Prandtl number is the ratio of the viscosity (re-

sponsible for energy dissipation) to tile thermal (tiffusivity (mechanism

allowing heat to escape from the boundary layer). This would suggest

that for a given free-stream kinetic energy, a high Prandtl number
should lead to a high adiabatic wall temperature, and vice versa•

t9 / u2 I Tg, e

I- _ / 1
_ Thermal _ / lq °0

) / I
\ layer _._-_ _ ". ....... L ...... _.................

Tw _ =T., :

Fm_RE l l-5,--Temperature distribution in a high-velocity boundary layer.
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The heat flux to the blade is proportional to the temperature gradient

(either effective or static gas temperature) at the wall:

=-- , --k, v.o=h,.x(T,._--T,_.o) (11-28)

As we have already seen, it is convenient to express the heat flux in

terms of the heat-transfer coefficient h,,_ and the gas-to-wall tempera-

ture difference. The gas temperature in this case must always be the
effective gas temperature, or the adiabatic wall temperature.

The problem in determining the heat flux to the blade is to find a

suitable expression for the heat-transfer coefficient h_.x. The objective

is to design a cooling configuration which will yield a constant outer-

wall temperature. In reality, however, the surface temperature is

never constant. The effect that the actual varying surface temperature
has on the thermal boundary layer can. be accounted for in more

refined design stages.

Solutions to Boundary-Layer Equations

First-order approzimation.--The simplest approach to the solution
is to assume that the heat-transfer coefficient on the suction or

pressure side of the blade is approximated by a flat-plate correlation
faired into a heat-transfer coefficient distribution around a cylinder

in a crossflow for the blade leading-edge region. Though the flat-
plate expression pertains, in a strict sense, only to zero-pressure-

gradient flow, the results are accurate enough for a first-order ap-

proximation. In fact, often the flat-plate correlation yields results

surprisingly close to those of more sophisticated analyses, primarily

because the Stanton number St is relatively insensitive to pressure

gradient.

For laminar flow over a flat plate with the thermal and the hydro-

dynamic boundary layers both beginning at the leading edge, the

energy equation can be solved directly by means of the Blasius

similarity solution discussed in chapter 6 for the velocity profile.

With the wall temperature assumed to be constant, the result is

h_.x ----0.332 kt Re_'/2Pr'/3 (11-29)
x

The turbulent counterpart is given by

hg._-----0.0296 kS Re2 8Prt/a (11-30)
x

The local velocity ux, _ is used in the Reynolds number.

For the heat-transfer coefficient he. ,_ in the leading-edge region,

the following correlation is frequently assumed:
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where

a

D

-s0o<m<s0 o

(11-31)

augmentation factor

diameter of leading-edge circle, m; ft

velocity of gas approaching leading edge, m/_c; ft/sec

angular distance from leading-edge stagnation point, deg

The bracketed term is the heat-transfer coefficient for a cylinder of

diameter D (see fig. 11-6) in a cross-flowing, laminar free stream.

FmURE 11-6.--Blade leading-edge geometry.

The term a is an augmentation factor used to adjust the coefficient

to account for the highly turbulent mainstream flow approaching

a vane or blade leading edge. Various magnitudes of the factor a,
from 1.2 to 1.8, have been used. This amplification of heat flux is

uniquely associated with large, favorable-pressure-gradient flows.

The highly accelerated flow at the stagnation region stretches vortex

filaments oriented with their axes in the direction of flow, thereby

increasing the turbulent fluctuating velocities within the boundary

layer. Kestin (ref. 3) has studied this phenomenon in detail, but as

yet, no general correlation of stagnation heat transfer with turbulence

scale and intensity is available.
Transition from laminar to turbulent flow will occur when the

Reynolds number becomes sufficiently high to allow instabilities in

the boundary layer to grow. For a fiat plate with zero pressure gradi-

ent, it can generally be assumed that transition will take place in the

Reynolds number range of 200 000 to 500 000, depending on free-

stream turbulence and surface roughness. However, a Reynolds num-
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ber based on the distance, x, from the leading edge (boundary-layer

origin) is not a practical transition criterion, because it is not a local

parameter. It is more convenient to use the momentum thickness, 0,
as the characteristic length in tile Reynolds number for determining

transition, because the critical Reynolds number at a given point is

then independent of the history of the boundary layer; that is, it is

immaterial how the boundary layer developed in getting to ttle given

state. For a strongly accelerated flow, the boundary layer never be-
comes turbulent. This fact is consistent with the use of 0 but not with

the use of x. A value of Re0._,_t=360 is a "universal" critical Reynolds

number corresponding to Re_=300 000 for a flat plate and Reo=2000

for pipe flow. For flow over a turbine blade with very high free-stream

turbulence, a conservative value of Ree._----200 can be assumed.

An approximate expression for the momentum thickness variation
on a turbine blade can be derived from the integral momentum equa-

tion from chapter 6 (eq. (6-76)) by making suitable assumptions as to
the functional form of the local velocity profile through the boundary

layer (see ref. 2). Upon integrating equation (6-76), the laminar
momentum thickness as a function of a variable free-stream velocity

is given by

OL_ 0.67v °"_ _lg_dx -[- 0,_e (11-32)
:_/g3

where x is the surface distance measured from the stagnation point, in
meters or feet. The momentum thickness 0,_z at the stagnation point,

of a cylinder of diameter D in a crossflow with an approach velocity

u,_ is

0.1D (11-33)

Turbulent or transitional flow, then, exists when the value of 0 is

such that (pueO/p)_200. The value of x where this occurs is denoted

as Xcrit.

The turbulent momentum thickness is obtained in a similar manner

by the equation

s6 ,.2,, _.... t (11-34)
OT-- , 4, 11

This assumes an abrupt transition from laminar to turbulent flow.

Integral method.--Thc solution of the integral equations of momen-

tum and energy to obtain the heat flux to a blade is a more refined and

accurate approach than the "ttat-plate approximation" previously

discussed. The penalty for more accuracy is, of course, the increased

complexity of the computation. In many cases, the more sophisticated
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methods are not_ warranted in the early stages of design. The integral

method accounts for free-stream vclocit,y variation more realistically,

and the eff(wl of a nonconstant surface temperature on hg._ can also

be included, ttowcver, some assumptions must still t)e made in order

to solve the integral equations.

Consider the int(,gral energy equation (cq. (11-21)) with constant

specific he,it and no mass transfer ,/cross the wall boundary.

h_,_ '/a+a E1 _lo_+ L'("_+ l ,1 ]SG Kpe,l_c, ' d.r _dx _e dz (7'=..,--T e') dx T_.o--T,'

(11-35)

Ordinarily, the integral momentum equation would first, have to be

solved in order to evaluate the enthalpy thickness Z in equation

(11-20). Ambrok (ref. 4), however, proposed an approach whereby

eqmttion (ll 35) could be solved independently of the moment, urn

eqmltion by re,(king use of the fact that experimental data show the

Stanton number to be a very we'lk fun('.tion of pressure gradient. He

1)rot)osed (h'_t ihe Stanton number can be writl.en as a function of a

lot:el Reynolds number based on enthalpy thickness as the character-

is(i(, length, an_l that tiffs functi<)n is independent ()f pressure gra<lient.

St: f(llea) (11-36)

If f is independent of pressure gradient, then the, flat-plat, e solution

should giv(' u_ llw funetion'd form.

For tm'bulont flow over a flat plate, combining equations (11-4)

and (11 25) yields

SL=0.0296 l{e_ °-" Pr -v:, (11-37)

Recalling frmn equation (11 24) that for tl tlaI plate

da

the loe,d Straiten number can be expressed in terms of the enthall)y

thickness by ('ombining equati()ns (11 :_7) and (11 3S) so as io obtain

Sty= (0.0296 Pr-Z/a) ' 25(0.8 Re_)-°'z5 (11-39)

tten('e, lh(, fim(:tion .f from equalion (11 :_6) i_ given by equ'ttion

(11 ;_9) for turbulent flow an(t_ by assumption, for any arbitrary

free-steam velocily wlriation. (The same argumel/( holds for laminar

flows.) Sllt)_tiluting equation (11-:;9) inlo _,quation (ll 35) and

integrating yi(4d_

St_ _h_,_ -=0.029(; t)r-_/a(T ' 7' )o,2si-0.2 (11-401
g -- w,o,

1% p g'tt g C p
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] _rJ_, p,_lgr: Tg'--7"u..) 12'-' . F{}.N]:,'_( 7"_'--T w ,_:,-_1.25• . " rld'+L {'.()'20{J I'l "-'-':_" 3< .....

tll 41)

The inloar.li+m is twrforme{I numevi,'allv for D_:. wilh Ill{, crilieal

,pnthall:..',-thickn..-.> l{.xnohls numl:.er L.oin F ,::aluat,'.,<l fv+:uu lhe

tn,.in.v-b.lm_lary-l.y,_,v oqllali()n. [:or fllrl her ¢t¢,t;ills, >,_,_,roft,ron+'o 2.

l::'tzi/+'-d(/f(rr:lwe ,_./.l/.z_.-- Th,' mo:..t ll¢'f'lll'ltlO motho<l .f cah'ulatin_

Ilii, h,,at tlux to a turldno bh.h, is t_, solve all the I)mln,d:lr3+-layt't'

equations simuhatwouslv l}_/ it [inite-,liffm'mu'e appt'oach. Tht,re

are sov.t':tl F<...I tillnt.ri<'atl l)ro_vam-:tvailal+h, t.) d. this. ()ne of thi,se

wit5 dex-.'l<)p<'_l by W. XI. Ka+,s und usi's the n,lmot'i<'al pro+'o_Itlro of

>;paldhv: at.l Palttllkar (l'I'f. D). In a_hlhion to llto e<|lltiti(>tls fIw the

<'+;ns(,rvalioli <,f In:tss (oq. (II I{1 ), inc)tn('nltlnl (o¢ I. Ill II)), and

<,net'<,'v ¢ 'q.(I I 12 ), a f'<:.tlt'tli uon>(,rv;ttion (,qttali.n, l[Itll {_f ttirL.tilenl
:,.-,

kinetic enet'g 3, ._Ii< hi..<, s_,lvo,I siinultnnootl+l 3- with the <)tlu,rs.

('<lli>orvali<>n .f ttlrl)tllenl Mtit,iiv (qlorg 3. is given by

:j.;4" O.'k" i&+'\ _ a V &_]-I:" 0,+<""+'/"':' 3:/ °""tO;/)+a)) _P<""-_ ''+'> a:] J- /+'

( 11-42 )

whot'e'7/T i_ u turliulont dissipation iertn, in _iV'in "_or Btu,(ft3)(sec).

The turlmh,nt kineiiv tqiel'Tv is detined iis

75/ 1• (it'_+/':+w ''' ) (11-43)
21f,1

wh<u'<' w' is tim fhl<:tlialin_ cotnpononi (>t"velocity, in in:Pc or ft':oe,

hi llle <lh'l,ciiol+ [)erpen_licuhir to the .r-y lihine. By hictu_lhl7 the

lut'l)ulent-kinetic-enor_y o<tualilln, lhe inixin<: lonTth is cai<'uhlled

lo<';lllv iti tho I)oulldnry hty'er. :X_l+o, ihe ell'e+'ts of fi'et,-slrOillil turl)tt-
lOli+'p cll.ll 1)o a_X:Olltlle<l for.

All llr<itwrlio> til'O ovaluatl,d h+<';llly lhroliTh the t)out'.lar,v IitVOl"
wit h li<l I'O,-I ri<'t ire or ill)proxiinal hi7 tt-.-.tlilll)lion- lil;t{]l, <ill I !it, \'aria-

li_ln <it' :<iil't'll<'(' IlUlll)l,rtililrl' <)i' vNo<'itv prolih,..X|iis-, ll'ali:...ft+r at lhe

walt (ll'iilist:.ii'nti_ln cootin 7 iiilll local tilin <'oolhi<: tll't' also handled

in il ,.iraiglllfoi'witr<l ilitlllllOl'.

l+'igiii'< , II 7 I)ro-.elii:< OXlillii/lo ro>ull- I'roill i+'llliliillll'i" plot< >h<)win<:

lho ih,xihililv lit' lilp nunllq'iual tll/l)l'oacii f_ir tho ir,li:<(, i)f It high-

lOlll[)<'rlillli'l_', hiTh-t)ro,.sur<' lurt)hio Vnlll,. Tim fl'oO-,<ll'Otllii veh><,ily

pt.ofih, i> _iven hi tiTtii'o tl 7( ). 'l'ho iniiinl pr.tilo:< iht'<illTh tho

t)+lunlhii'v hivor inu>l 1>o >uppli,,<l I/<..;It I)oilii<lnrV <'ondithin io 7el lhe

integl'ati<Jii stat'te[l (fig. I I 7(I))), but fl'onl theIl (;ill, tirotiles (:tl.ti [)o
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(a) Surface velocity profile.

(b) Initial profiles for finite-difference numerical boundary-layer program.

Free-stream reference velocity, 30.87 m/sec or 101.28 ft/sec; free-stream

reference enthalpy, 1.0447X 10_ J/(kg)(K) or 249.7 Btu/(lb)(°R).

FmuRr; l l-7.--Boundary-layer development over t_ high-temperature, high-

pressure turbine vane.
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calculated through the boundary layer at discrete x locations. The

boundary-layer thickness, momentum thickness, momentum-thickness

Reynolds number, and heat-transfer coefficient are shown in figures

11-7(c) to ll-7(f), respectively. Notice that just upstream of the

.29--
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E
'-- E

.04 -- .001

0 --

• 005 b

o, I t I I I
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E
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ac,
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o_

E
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_db

I I I 1
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Percent surface distance

(c) Pressure-side boundary-layer thickness.

(d) Pressure-side boundary-layer momentum thickness.

FmvRE ll-7.--Continued.
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20-percent surface distance location on the vane, the boundary-layer

thickness (fig. 11-7(c)) and the moment,m thickness (fig. 11-7(d))

increase rapidly and then decrease slightly over a short distance
before continuing to increase. This "blip" is caused by the rapid

2400--

78

1600--

c --
_ 1200

_-r-4

_ 1:2

i %

8.6 --

7.0

5.4

3.8

2.2
0

(f)

20 40 60 80
Percent surface distance

(e) Pressure-side momentum-thickness Reynolds number.

(f) Pressure-side heat-transfer coefficient.

FIGURE 11-7.--Concluded.
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(a) Initial profiles at slot. Free-stream reference velocity, 609.6 m/sec or 2000

ft/sec; free-stream reference enthalpy, 4.8189>(10 ¢ J/(kg)(K) or 1151.75

Btu/(lb) (OR).

(b) Throe slot-widths downstreanl of slot. Free-stream reference velocity, 610.8

m/see or 2004 ft/sec; free-stream reference enthalpy, 4.8189 X l0 s J/(kg)(K) or

1151.75 Btu/(lb) (°R).

FIGURV.' 11-8.--Boundary-layer profiles along adiabatic wall with film cooling.
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deceleration and acceleration of the mainstream flow resulting from

the adverse-pressure-gradient region aft of the leading edge on the

pressure side. Transition from a laminar boundary layer occurs at
about the 10-percent location. Very little of the boundary layer is

in a transitional state, as can be seen from figure I 1-7(f).

Initial velocity and enthalpy profiles illustrating an example of

film cooling are given in figure 11-8(a). About 3 slot widths down-

stream, the profiles have changed to the shapes shown in figure 11-8(b).

Temperature-Dependent Fluid Properties

The relations involving the dimensionless parameters Re, Pr, Nu,

and St, discussed in earlier sections, contain gas properties p, k, v, and

cp, which all vary with temperature. The temperature dependence of

these transport properties causes a change in the velocity and tem-

perature profiles (and, therefore, in the heat-transfer coefficient)

compared to results obtained if properties were constant. Since large

temperature variations occur across the boundary layer, at what

temperature are the properties to be evaluated? Usually, constant-
property analytical solutions (except in the finite-difference method)

or the experimental data obtained with small temperature differences

are corrected to account for property variation. Two schemes are in

common use for the correction of constant property results; namely,

the temperature-ratio method (for gases) and the reference-tempera-
ture method.

In the latter method, all transport properties are evaluated at the

reference temperature:

Trei=0.5 Tw.o+0.28 t_+0.22 Tg.e (11-44)

The temperature-ratio method assumes

_¥u St _(T,.,'_'[" t_ _ (11-45)
Nuce Stce \_.o/ \T_.J

The subscript CP refers to constant properties evaluated at the

free-stream static temperature. For laminar flow, n=0.08 and
m-----0.12. For turbulent flow, n=0.4 and m=0.6, a much greater
influence than in laminar flow.

CONDUCTION WITHIN THE BLADE WALL

Once the local heat-transfer coefficients on the hot-gas side and

coolant side are known, the heat-flux boundary conditions for the

heat-conduction problem are available. The blade or vane is broken

up into a number of finite elements, as shown, for example, in figure
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FIGURE 11-9.--Typical node breakdown for a turbine-blade conduction analysis.
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Ft(]URE l 1-10.--Typical boundary element for heat-conduction analysis.

11-9, and an energy balance is written for each element. The result is

a system of algebraic finite-difference equations, with the number of
equations equal to the total number of elements. All equations must

then be solved simultaneously by means of a high-speed, digital

computer. Once such a conduction analysis is completed, a detailed

temperature distribution throughout tile blade is available for use in
thermal-stress calculations.

Consider a typical boundary element from figure 11-10. Accounting
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for all the energy transfer between the given element (the jth element)

and those adjacent to it (elements j+l to j+5), including the fluid

boundary, leads to the following algebraic equation (see fig. 11-10).

A_ (T_T/).,+k_A_ (Tj_T_+_)_+k_2(Tj_T_+_), _
de+ 1 d_
k,_ hc

+kwAs(Tj_T_+_).,_._yV_ (T_+_ Tj_) (11-46)
+ " ' ' d5 a(Llme)

where

A_

d_

Yj

The superscript: m denotes time step n or n+ 1, depending on whether
an explicit or implicit transient scheme is used.

A similar equation for every volume element must be written. The

calculation may be either transient or steady-state, depending on how
the equations are structured. If the element is allowed to reduce to an

infinitesimal size, the energy balance at a point yields the familiar

heat-conduction equation

OT 0 OT O OT O
\ _/ (11-47)

where x, y, and z are the coordinate directions.

surface area between j,h element and element or boundary de-

noted by subscript i, m2; ft 2

distance between jth element and element or boundary denoted

by subscript i, m; ft
volume ofj th element, m3; ft 3

COOLANT-SIDE CONVECTION

There can be many internal flow geometries used to promote heat

transfer by convection to the coolant, and for that reason, it would be
impossible to discuss each convection-cooling scheme. Essentially,

the problem is to determine tile heat-transfer coefficient, h,, and the

local coolant temperature, T_, in the previously shown equation

q----h_(T_._-- T'_) (11-2)

This is not, however, as simple as it sounds. The coolant flow path

can be very coml)lex , and the internal flow and pressure distribution
must be known before the heat-transfer coefficient can be determined.

An internal flow network is established, and conservation of momentum

equations that describe the internal pressure distribution are solved
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to determine the flow split between various parts of the blade. Since

there is interaction between each of the three heat-transfer steps

discussed (convection from hot gas to surface, conduction through

the surface, and convection from surface to coolant), an iterative cycle
between the three calculations must be made. After the percentage of

air available for cooling a given region of the blade has been deter-

mined, empirical correlations for the particular convection scheme

considered must be used to determine he.

Various methods are used to enhance coolant-side convection heat

transfer. Fins can be added to the cooling passages to act as "turbu-

lators" to keel) the flow highly mixed and the boundary layers thin.

They also hell) by increasing the convection surface area. One of the

most effective convection methods is impingement cooling (fig.

11-4(b)), where small jets of cooling air are directed toward the inside

wall of the blade, as seen in figures 11-4 (b) and (g). One representative

correlation from reference 6 for impingement cooling gives

NuD, _m.=_,_ReD,. pr'n ( _ ) ° °'_ (11-48)

where

NUD, _m_ impingement-cooling Nusselt number based on hole diameter
_s characteristic dimension

z, distance between hole and wall, m; ft

D hole diameter, m; ft

The power m on the Reynolds number and the coefficient _, are

both functions of the impingement-hole _rray geometry and the

Reynolds number. A least-squares-curve fit of the data in reference 6

gives
Xn 2 Xn

m=-a,(_-) -J[-bi(-_)-_Cl (11-49)

and

_,=exp[a /Xn\:_ x,,(-_) -+-b2(_)-_c,_ (11-50)

where x, is the center-to-center distance, in meters or feet, between

holes in the direction of flow, and the coefficients a, b, and c are given

in table ll-I as functions of Re,). The coefficient ¢_ is an attenuation

factor to account for crossflow caused by the accumulation of fluid

from multiple rows of impingement jets. ]t can be expressed as

1 (11-51)
¢5= ] + a_¢b_

where a3 and b3 are given in table 11-I, and _ for the i th row of
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TABLe: ] I-I.--IMPINGEMENT-CooLING CORRELATION COEFFICIENTS

Coefficient

al

bl

Cl

(12

b2

¢2

Reynolds number range,
300 to 3 000

-- 0. 0015

.O428

.5165

Reynolds number range,
3 000 to 30 000

--0.

0.0126

--.5106

--.2057

0025

.0685

.5070

0.0260

--.8259

.3985

a3 0.4215 0.4696

b3 .580 ,965

impingement holes is defined as

, /Gcr\ /zn\

where

G_

crossflow mass flux, kg/(sec)(nd); lb/(hr)(ft 2)

impingement-hole mass flux, kg/(sec)(m_);lb/(hr)(ft 2)

(11-52)

FILM AND TRANSPIRATION COOLING

As turbine-inlet temperature and pressure increase, it becomes ap-

parent that convection cooling must be augmented by film cooling to

reduce blade metal temperatures and conserve cooling air (as shown

in fig. 11-3). The importance of combining both film and convection

cooling in a given design is shown in figure 1 i- 11. tlere, blade surface

temperatures are given for convection cooling only, film cooling only,
and combined fihn and convection cooling, all for the same hot-gas

and cooling-air conditions and the same percent coolant flow rate.

Except in the immediate region of the fihn injection hole, the combined

cooling yields a significantly lower wall temperature than does either

fihn or convection cooling alone. Notice also that the a.verage wall

temperature for fihn cooling only is about, the same as for convection
cooling, but the wall temperature gradients are nmeh higher because

of the rapid decay of the protective fihn.
First, localized fihn cooling from rows of holes or slots will be dis-

cussed, then transpiration cooling and full-coverage discrete-hole film
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1800_- _ Hot 9as

2600-- I __Film cooling only

/ / _Convection cooling only
= _ ],_ool /_ _ Hot gas
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FIGURE l l-ll.--Effeet of combining film and convection cooling. Constant

coolant flow rate.

cooling. To successfully analyze and model film cooling, the "non-
film-cooled" heat-transfer coefficient must be known. Hence, the

film-cooling analysis builds on the preceding discussion. In the follow-

ing expression for the heat flux to the surface, the effective gas

temperature becomes the film temperature T'/_t,,:

q=_h_.,( T'I_,,-- Tw.o) (11-53)

where h,., is the heat-transfer coefficient without film cooling, and

(h.,.):.m (11-54)
_" he, x

Very near the point of injection, the heat-transfer coefficient is altered

somewhat by the injection itself, and _ is included to account for this.

However, the effect is usually damped out rapidly, so t is frequently

assumed to be unity. The film temperature is sometimes called the

adiabatic wall temperature with film cooling, because it is obtained

from experimental data under adiabatic wall conditions (i.e., it is the

temperature of an uncooled wall having a buffer film layer of cool a'r

between it and the hot gas (see fig. 11-12)). The film temperature is

correlated in dimensionless form by the film effectiveness _1_u,:

T,.,-- T'm,, (11-55)
hi,,,,,-- T,.,--T'o

where T_. o is the injected film temperature (coolant temperature at
outer wall). The film effectiveness decays from a value of 1, at the
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FIGURE l l-12.--Experimental determination of film temperature.
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FIGURf; 11-13.--Film-cooling effectiveness for slots.

slot, to zero, far downstream. Figure 11-13 gives experimental values

of film effectiveness for film injection from slots as determined by a
number of investigators. The distance downstream from the slot

(x--x,) is normalized by the slot width s and the mass-flux ratio F

between the film air and the hot-gas stream. The indicated injection

angle is with respect to the surface (0 ° is parallel to the surface, and

90 ° is perpendicular). As seen, the film effectiveness decreases with

increasing injection angle.

The following expressions (from ref. 7) correlate turbine-blade slot

film cooling reasonably well:

86



TURBINE CX)OLING

,r
_I.m----exp L--2"9 \p_2/ \pouts�

(11-56)

for small values of (x--xs), and

c p0 :y p os)(Re,)02
,7,,,..= (11-57)

ix'
x

for large values of (x--x_), where x, is the location of the downstream

edge of the slot, in meters or feet, measured from the stagnation point.
Values for the coefficient C and the exponent n are C----2.7 and n=0.21

for a 30 ° injection angle, and C= 1.95 and n=0.155 for a 15 ° injection

angle.
Film effectiveness as a function of the downstream and lateral

distances from the injection hole is presented in figure 11-14 (from

ref. 8) for film cooling from a single hole and from a row of holes. For

small lateral distances, up to about 1 hole diameter in this case, film
effectiveness decreases with downstream distance, as previously shown

Dimensionless

lateral distance

from injection hole,
• 50 i , hole diameters

° o._.E ., [] .25
_- 4o r'_ A .5o

_ 30 ! LJ_,k, (_ 1.50

"_ Plain symbols denote single hole
_ ^ _ at 35_' injection angle

"_ _'_...,_ _ ]ailed symbols denote single row

|
10_ _ _ .

L l 1 2 ] L _ l l
0 tO 20 30 40 50 60 70 80

Dimensionless distance downstream from injection hole, hole diameters

J
90

FIGURF l l-14.--Film-cooling effectiveness as function of dimensionless down-

stream and lateral distances from injection holes. Mass-flux ratio, 0.5; injection-

hole diameter, 1.18 cm or 0.464 in.; gas velocity, 30.5 m/sec or 100 ft/sec;

Reynolds number, 0.22X 10 _.
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for slots, and the same values are obtained for single holes as for a row

of holes. For larger lateral distances, effectiveness initially increases

with downstream distance as a result of the spreading of the injected

flow, and the values for the row of holes are larger than for the single

hole because of the interaction of flows from adjacent holes. Notice also
that vi-_ is not unity at the injection hole. This is due to entrainment

of hot gases underneath the film jet as the jet separates from the

surface. Very limited data are available for a staggered row of film-

cooling holes. Frequently, the slot data are used for this case, with
an effective slot width s defined such that the total area of the holes

equals the area of the slot.

Figure 11-15 (from ref. 8) shows the spreading of a film layer from a

single hole at various angles of injection. For a 35 ° injection angle in

the direction of the main gas stream, the film spreads less than 2 hole

diameters, giving very local film coverage. A compound angle of

injection gives more lateral coverage, but the film does not persist as
far downstream.

Transpiration cooling of a porous wall is one of the most effective

methods of cooling available. With mass transfer from the wall into

the boundary layer, it combines film cooling with efficient convection

cooling. The porous wall serves as a very effective heat exchanger,
where the heat conducted into the wall from the hot gas stream is

continuously transferred to the coolant in counter flow as it passes

through the small pores. However, there are problems in applying

this method of cooling to turbine blades. The pores tend to be

extremely small and, therefore, are subject to blockage due to oxida-
tion or contaminants in the air. Also, from an aerodynamic-loss

standpoint, a penalty is paid, since the film air is injected into the gas

stream essentially normal to the boundary.

In order to alleviate these problems yet still obtain some of the

characteristic advantages of transpiration cooling, full-coverage film
cooling is used. In full-coverage film cooling, the cooling air issues

from a large number of small, ('/.osely-spaced, discrete holes in the

surface. This type of cooling lies in the spectrum between pure trans-

piration cooling on the one end, with essentially a continuous mass

flux over the surface, and localized film cooling on the other end. The

amount of heat transferred by convection to the cooling air flowing

through the wall depends on the tortuosity of the internal flow pas-

sages. The wall may be constructed of simple, straight-through holes,

with a low resultant convection effectiveness, or it may consist of a

maze of interconnected flow passages, with a relatively high convection
effectiveness.

Convection effectiveness v .... is a term borrowed from heat-

exchanger theory and is a measure of the ability of the wall (or blade
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FIGURE

(a) Injection angle, 35°; lateral injection, 90 °.

(b) Injection angle, 90°; lateral injection, 35 °.

(c) Injection angle, 90 ° ; lateral injection, 15 °.

l l-15.--Lines of constant film-cooling effectiveness for single-hole

injection. Mass-flux ratio, 0.5.

acting as a heat exchanger) to transfer heat to the cooling air by
convection.

T'c, o-- T'c. ,, (11-58)
....-- T_.o--T'_,_

Since an optimum design utilizes as much of the heat sink available
in the cooling air as possible for convection cooling, _.... values
approaching the limit of 1 are desirable. However, the convection
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effectiveness is usually limited by the cooling-air supply pressure

available. As 71..... increases, so does the pressure drop through the wall.

Consider a one-dimensional model of the porous or perforated

turbine blade wall in figure 11-16. An energy balance can be written

on the solid metal matrix and on the cooling-air flow through the wall

(see ref. 9). The resulting differential equations for local metal tem-

perature through the wall, Tw, and local coolant temperature in the

wall, T_, are

d3T,o+ hv d2Tw hv d_Tw 0 (11-59)
dy 3 Gcc_ dy 2 k_._ dy

and

where

T'c=T,_ kw'_d_T'_
hv dy 2 (11-60)

_w ,e

hv

(hr) (ft _) (°R)

The boundary conditions are

hc(Tw,--T' ,.)=k,_,e dT'_

and

effective thermal conductivity of the porous wall, W/(m)(K);
Btu/(hr) (ft) (°R)

internal volumetric heat-transfer coefficient, W/(m 3) (K) ; Btu/

(11-61)

G_cp( T;, ,-- T [, ,.)=k,_,e dTw (11-62)
dy z,=o

In this case, as seen from figure ll-16, Gc is the mass flux per unit
of surface area.

An overall energy balance gives, as a third boundary condition for
the heat flux to the wall,

q = Gecp(T'_, o-- T_,,,) = O_c_ .... (T_,o-- T_' ,,) (11-63)

Typical wall and coolant temperature profiles are shown in figure

11-16. They are both nonlinear with opposite signs in the second
derivative, which is a consequence of the interaction of the coolant
and matrix heat transfer.

The heat flux to the wall can also be written in terms of a hot-gas-
side heat-transfer coefficient:

q=ht,_(Tt._-- T,_,o) (11-64)

This is somewhat different from the heat flux expression with local
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Gc

T,,',',o
T_c,o

[2.. _ q

T'c, i \\

-_"'- _,,' k_,,,eA _ ""--

hV A

dl_,, d (k 6T_,'_k,,,,,,eA(1--_-_ * _ w,eA d_') Ay

Typical element

FIGURE 11-16.--Porous-wall temperature profile model.

_A

film cooling in that the acual recovery gas temperature and a "re-

duced" heat-transfer coefficient h,: due to blowing are used rather

than the film temperature and the solid-blade heat-transfer coefficient

hg,_°

Consistent with tile local one-dimensional model of the blade

wall, which incidentally gives good results if the pressure gradient is

not too large, we can write

F

h,,. Stz,_ St. _ . (11-65)
h.,_=St.._=:Js'i: 'x -i J

where the correction factor ] is a function of convection effectiveness

as shown in figure 11-17 (from ref. 10), and F is the ratio of the coolant

mass flux (surface averaged) to the hot-zas mass flux:

F- (pu)_ (1]-66)
(pu),

91



TURBINE I_E_SIGN AND APPLICATION
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FIO_RE l l-17.--Correction to equation (11-65) for wall convection effectiveness.

SIMILARITY

It is often of economic necessity to evaluate the heat-transfer

performance of turbine components at conditions other than the
actual engine environment. Generally, initial tests are conducted

to evaluate heat-transfer and aerodynamic performance with actual-
size prototype hardware at lower gas temperatures and pressures

than tile actual application. This practice raises a valid question as

to whether a cooled blade configuration meeting design specifications

at the test conditions will behave similarly under actual engine

ccmditions. To answer this question, the various similarity parameters

which are important in relating test performance to engine per-
formance of an actual-size film-convection-cooled turbine blade
are discussed.

The Mach number distribution and momentum-thickness Reynolds
number distribution around the vane must be the same between

engine and test conditions. Similarity in these two parameters is
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essential to ensure the same relative distributions of heat-transfer

coefficient and adiabatic wall temperature and the same point of

transition from laminar to turbulent boundary layer.

Let superscript (t) refer to test conditions and superscript (e) refer

to engine conditions. To ensure that the local Mach number distribu-

tion does not change between the two conditions, the equivalent mass

flow must be the same in both cases. Therefore,

w_') p'z'" /(R_/"),(e)r_ `t,
w--(e_=p,g,e, "_ (RT,)(g,, ry' (11-67)

where r is an approximate correction (from eqs. (2-128) and (2-129))

for the variation of specific heat with temperature given by

/ 2 \(v+1)/2(_-D

F----_/_ (_) (11-68)

Since the local momentum-thickness Reynolds number must also

remain unchanged between (t) and (e) conditions,

(puO_ (_) ,(_) (e)...(,) _(_) (e)_,(t) /(RT,)(e) Fg(t) 1 (11-69)
{p2t0"_(e) pe.(e)lag(')...(e):_.eoe Pe _z(')_Fg _/(RT_)2;F_: )
\ ]

If the local film effectiveness is to remain unchanged between

engine and test conditions, the coolant to hot-gas mass-flux ratio

(pu)¢/(pu)z , the coolant to hot-gas momentum ratio (pu2)J(pu_) z
(or density ratio Pc�Pc), and the momentum-thickness to film-ejection-

hole-diameter ratio OJD must be the same in both cases. Since actual-

size hardware is presumed, then

0:,,1
- - (11-70)

and equation (11-69) becomes

,,)o..,,) ,_,)p,g(,, _(RT,)(,) r(,)--i (11-71)

Equation (11-71) shows that the gas flow rate must vary directly

with the viscosity and gives the functional relation between gas

pressure and temperature which will provide the same Reynolds

number and Mach number distributions for test and engine conditions.

Parametric curves of equation (11-71) are shown in figure 11-18
for air.
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FIGVRf: l l-18.---Similarity curves of constant Maeh number and momentum-

thickness Reynolds number distributions around a turbine vane for air properties.

The cooling-air flow rate and temperature are then set by the

coolant-to-gas mass-flux ratio and momentum ratio. Requiring

[ (pu)cl(') F(P_')c'] (_) (11-72)
(p_,J --L(pii),_l

implies

and it is necessary that

W_l \wg/

(t_ o'_(') (t¢o) (')
_/ =\ _), (11-74)

to ensure equality of test and engine momentum ratios, since pc.o=pe.

Neglecting conduction in the plane of the wall compared to that

in the direction normal to the wall, the film ejection temperature

T_.o is related to the supply coolant temperature by

(H,, o--H,, ,n)(O q (n _*>
(H_.o_H,.,,)(,) q(,) i_(g,, (11-75)

where the viscosity ratio here represents the mass flow ratio (see eq.

(11-71)). Satisfying equations (11-71) to (11 75) ensures that the
hot-gas-side heat-transfer coefficient distribution around the vane will

94



TURBINE OODLING

have the same shape for both test and engine conditions. The heat-

transfer coefficient in dimensionless Stanton number form is

St_') --_St(x,) _.pT(i_ /" (11-76)

Since the Prandtl number cannot be set independently if all other

similarity conditions discussed are met, the departure of the Stanton
number ratio from unity depends on the Prandtl number ratio in

equation (11-76).
On the coolant side, the heat-transfer coefficient in dimensionless

Nusselt number form is given by

Nu">-- Nu (e) {pr(,)._,13 , (t>(e)\m1_' _'°/ (11-77)

where m is the power on the Reynolds number for coolant-side convec-

tion. The viseosity factor in equation (11-77) is the test-to-engine

coolant Reynolds number ratio. As with the Prandtl number, this

factor cannot be set independently, although its departure from unity

is small. In fact, if the viscosity over the full temperature range t(x_} to

t_'._ could be approximated by a power law

_ t_ (11-78)

then,by equation (l1-74),the test-to-enginecoolant Reynolds number

ratio (based on the film-coolinghole diameter and the ejection tem-

perature) would be 1.The same coolant Reynolds number for actual

and simulated conditions isimportant to ensure the same pressure

drop through the internalcooling airpassages for the two conditions.

If the cooled blade isto perform the same during a test as itdoes

in the engine,there must be some normalized outer wall temperature

which remains invariant between test and engine conditions. The

most convenient dimensionless wall temperature includes only those

temperatures which are known, namely the coolant supply tempera-

ture T'_._, and the effective gas temperature Tg.,. Hence, the dimen-

sionless wall temperature ¢, defined as

T_._--T_.o (11-79)
_=T,.,--T:,,,

or some similar grouping of these three temperatures, is commonly

used as a measure of the cooling performance of a given blade design.

Strict equality in ¢ for test and engine is, however, impossible with

actual hardware, since the temperature drop through the wall is not

scaled properly because of the lower heat flux at reduced temperature

and pressure. It is easier to cool the blade at the reduced conditions,
because the driving potential for convection cooling (T_._--TJ) is

proportionately greater than at high temperature and pressure. How-
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ever, for properly scaled test conditions, the difference between _(z)

and _(_) is well within the range of experimental accuracy in most
case s.

An example of similarity states generated by solving equations

(11-71) to (11-77) simultaneously is given in table 11-II for a high-
pressure, high-temperature gas-turbine-engine environment. Air

properties were used rather than those for a given fuel-air ratio gas.
For a test condition using ambient cooling air, the dimensionless wall

temperature _t) is 1 percent higher than what it would be in the
actual engine.

Radiation can be a significant component of the total heat flux to a
blade under high-temperature and high-pressure conditions and is

not directly affected by film cooling with air. Since radiation cannot be

conveniently simulated at the low-temperature and low-pressure

test conditions, it must be accounted for in the heat-flux ratio q(,)/q(e_
in equation (11-75).

TABLE I I-II.--SIMILARITY STATES

(a) Takeoff condition

Gas total tempcr'Lture

K °F

2200 i _ 3500

367 i 200

478 ! 400

589 600

Gas total

pressure,
atm.

_33.7

4.3

6.0

7.7

Coolant temperature

K °F

_848 '1066

145 199

188 -- 122

230 --45
70O

758

811

922

1033

1144

1255

1367

1478

1589

1700

1811

1922

2033

2t44

800

905

1000

1200

1400

1600

1800

2000

2200

2400

2600

28OO

3000

3200

3400

9.4

10.3

ll.l

12.9

14.6

16.4

18.2

19.9

21.7

23. 5

25. 3

27. 1

28. 9

30, 9

32. 8

273 31

294 70

315 107

357 182

399 259

442 335

485 413

528 490

571 568

613 644

656 721

699 799

743 878

786 !)55

828 1030

_O(t)/_o(e)

1. 04

1. O3

1. 02

1. 01

1.01

1.01

1. 00

1. 00

I. 00

1. 00

1. 00

1. 00

1. 00

I. 00

1. 00

1. 00

1. 00

1. 00

Reference condition.
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(b) Cruise condition

TURBINE OOOLING

Gas total temperature

K °F

I 2200 I 3500

367 200

478 400

589 600

Gas total

pressure,
arm.

113.8

1.7

2.5

3.2

Coolant temperature

K °F

I 801 ' 983

139 --209

180 -- 136

220 --64

700

799

811

922

1033

1144

1255

1367

1478

1589

1700

1811

1922

2033

2144

800

978

1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

3200

3400

3.9

4.5

4.6

5.3

6.0

6.7

7.4

8.2

8.9

9.6

10.4

11.1

11.8

12.7

13.4

259

294

299

338

378

417

458

498

539

579

619

660

702

743

782

7

7O

78

148

220

291

364

437

510

582

655

729

804

878

948

1.03

1.02

1. 01

1. 01

1.01

1.01

1.00

1.00

I. 00

I. 00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Reference condition.

REFERENCES

1. ESGAR, JACK B.: COLLADAY, RAYMOND S.; KAUFMAN, ALBERT: An Analysis

of the Capabilities and Limitations of Turbine Air Cooling Methods.

NASA TN D-5992, 1970.

2. KAYS, W. M.: Convective Heat and Mass Transfer. McGraw-Hill Book

Co., Inc., 1966.

3. KESTIN, J. : The Effect of Free-Stream Turbulence on Heat Transfer Rates.

Advances in Heat Transfer. Vol. 3. T. F. Irvine, Jr.; and J.P. Hartnett,

eds., Academic Press, 1966, pp. 1-32.

4. AMBROK, G. S. : Approximate Solution of Equations for the Thermal Boundary

Layer With Variations in Boundary Layer Structure. Soviet Phys.-Tech.

Phys., vol. 2, no. 9, 1957, pp. 1979-1986.

5. SPALDING, D. B.; AND PATANKAR, S. V.: Heat and Mass Transfer in Bound-

ary Layers. Chemical Rubber Co., 1968.

6. KERCH,_:R, ]). 1_{.; AND TABAKOFF, W.: Heat Transfer by a Square Array of

Round Air Jets Impinging Perpendicular to a Flat Surface Including the

Effect of Spent Air. J. Eng. Power, vol. 92, no. 1, Jan. 1970, pp. 73-82.

97



TURBINE I)E_IGN AND APPLICATION

7. ARTT, D. W.; BROWN, A.; AND MILLER, P. P.: An Experimental Investi-

gation Into Film Cooling With Particular Application to Cooled Turbine

Blades. Heat Transfer 1970. Vol. 2. Ulrich Grigull and Erich Hahne, eds.,

Elsevier Publ. Co., 1970, pp. FC1. 7.1-FC1. 7.10.

8. (_OLDSTFIN, I_. J.; ECKERT, E. R. G.; ERIKSEN, V. I,.; AND RAMSEY, J. W.:

Fihn Cooling Folh)wing Injection Through Inclined Circular Tubes. Rep.

tITL-TR-91, Minnesota Univ. (NASA CR-72612), Nov. 1969.

9. COLLADAY, RAYMOND S.; AND STEPKA, FRANCIS S. : Examination of Boundary

Conditions for Heat Transfer Through _t Porous Wall. NASA TN 1)-6405,

1971.

10. L'EcuYER, M_:L It.; AND COLLADAY, RAYMOND S.: Iniluence of Porous-Wall

Thermal Effectiveness on Turbulent-Boundary-Layer Heat Transfer.

NASA TN I)-6837, 1972.

98



TURBINE COOLING

SYMBOLS

A

t!

(t.l_ (12_ (I 3

B.r

hi, b.,, b3

(,

(,,

t?p

CI _ 172

D

r/

d

F

/

g
II

h

hv

Z
1

J

t(

.W
k

_)g

[

M

2_'Jl

It

])1'

P

q

q
1;

llc

I"

St

>qlrf,_c<, area of one side of volume element, m2; ft 2

coohmt-l)ass'tge flow area, rn" ft?

augm(qltati,n factor, eq. (11 31)

('<)(qIi('i(,n[s in (,qs. (11-49) 1o (11-51)

t)()(ly-force component in x (tire(:lion, N/kg; lift:Ibm

(:(.qtlci(,nt_ in (,(t_. (ll 49) to (ll 51)

('onsimlt_ in ('(is, (ll ,S)and (11-57)

frit'lion ('o(qlici(,nt, (,% (I 1-26)

_l)(,,'ili( ' h(,a( at constant pressure, ,I'(kg)(l(); Btu:'(lb)(°R)

('()('tIi('i('nt_, in cq_<. (11 49)and (ll 50)

(liam(,t(,r of h,adin_-(,(Ig(, ('itch,, impingement hole, ()r tilm-

inj(,('tion hob,, m; ft,

di,,<_ip,t_ion (erm in eq. (11 42), W/m:_; Btu/(ft 3) (see)

(li_tance b('tweeIX volume (q(,m(,nls (_<ee fig. I I I0), m; ft

ratio of (,oo]anl mass flux to hot-gas mass tlux

corr(,ction faelor used in ('(I. (1 I-65)

mas: IIux, kg (s(,e)(m") ; ll)' (hr) 'fl _)

conv(,rsion con_tan(, I ; :¢'2.17 (Ibm) (ft)/Ibf) (:ed)

Io1.d (,nlhalpy, J/kg; Btu::ll)
heat-transfer coelIici(,nt, W/(m _) (K) ; Bt u:'(hr) (ft 2) (° R)

inter)m] volumetric h(,at-transfer coeflicien( W/(m_)(K);

Btu/01r) (ft 3) (°R)

sialic entlmlpy, J/kg; Btu/ll)

l(q'm d(qined I)y e(t. (11-41)

conversion conslanl, 1;77S ift)(lb)/t_lu

(lim(q_sional constant, 1 ;3600 se('/hr

t urbulen! kinetic (,nervy , ,I/kg; B( u/Ib

thermal (:on(h.'tivily, W/(m)(K) ; Btu/(hr) (ft) (°R)

,o()lant-l)a,.<saVe ('harat'teristic length, m; f(
wall thickness, m: ft
Xlach numb(,r

exponents u.,se_l in t,qs. (11 -s), (11 45), and (11-4s)
Nuss(,ll numl)(,r

exponcqlts u_.e(line(ls. (11 S), (11 45), (11 56), and (ll-57)
Pran(lll numlwv

l)rt'ssur( ', N/nd; lb/fl _

ht, at-_(,nerati()n l('rm, \V,m3; Btu/(se(_) (fl '_)

I..al tlux, Wm:; Blu,(hr)(fl _)

gas con,_tan(, .[/(kg) (l(); (fl) (lbf)/(lbm)(°R)

R('vnohl..< )mmb(,r

r(w.ovcrv fa(:tor, e( t. (11 27)

Stanton number
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8

T

t

Yj

y

w

x

xn

Y

Za

c_

l"

.y

A

0

p

P

T

o_

slot width, m; ft

temperature, K; °R

gas static temperature, K; °R

component of gas velocity in direction along surface (x-
direction), m/see; ft/sec

volume of j th element., m3; ft 3

component of gas velocity in direction normal to surface
(y-direction), m/see; ft/sec

nlass flow rate, kg/sec; ]b/sec

component of gas velocity in direction perpendicular to the

boundary layer plane (x-y plane), m/see; ft./see

distance along surface from leading edge, m; ft

center-to-center distance between impingement holes in

the direction of flow, m; ft

coordinate distance normal to surface, m;ft

distance between impingement holes and blade inner wall,
m; ft

heat diffusivity, m2/sec ; ft2/sec

specific heat ratio correction factor, eq. (11-68)

ratio of specific heat at constant pressure to specific heat at
constant volume

enthalpy thickness, m ; ft

ratio of heat transfer coefficient with film cooling to heat

transfer coefficient without fihn cooling
cooling effectiveness

momentum thickness, m;ft
viscosity, (N) (sec)/m2; lb/(ft) (see)

momentum diffusivity (kinematic viscosity), m2/see; ft2/see

density, kg/m 3 ; lb/ft 3

local shear stress, N/m2; lb/ft 2

angular distance from leading-edge stagnation point, deg
dimensionless wall temperature

coefficients in eq. (11-48)

term defined by eq. (11-52)

exponent in eq. (11-78)

Subscripts:

a

CP

e

4
cony

crit

adiabatic

constant property
coolant

crossflow

convection

critical, referring to transition from laminar to turbulent flow
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CHAPTER12

ExperimentalDeterminationof
AerodynamicPerformance

ByEdwardM.SzancaandHaroldJ. Schum

The preceding chapters have been concerned with primarily the

theoretical aspects relating to turbines and turbine design. A great

deal of consideration has been directed toward turbine blading, since,

aerodynamically, the blading is the turbine. Associated hardware for

the entire turbine assembly (rotor disks, shafting, bearings, casings

etc.) is designed on the basis of mechanical criteria. Once the turbine

is designed and built, it must be determined whether or not the aero-

dynamic design goals have been met. Only by testing the turbine can
this be determined.

In addition to the overall performance of a turbine, a breakdown

of the separate losses contributing to the overall loss is often desired.

The stator loss can be obtained readily from experimental measure-

ments, as discussed in chapter 7 (vol. 2). Rotor losses cannot be

obtained easily from direct measurements; they are usually obtained

indirectly from the stator loss and the overall performance

measurements.

In developing a test facility and program, the researcher must

determine which performance parameters he is interested in evaluat-

ing. The nature of the test facility, the instrumentation necessary to

obtain the desired stator and/or overall performance parameters, and

the manner in which these parameters vary with turbine operating

conditio_re the subject of this chapter.
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TEST FACILITY AND MEASUREMENTS

The manner in which stator performance is expressed and computed

is discussed in detail in chapter 7 (vol. 2) and will not be discussed

herein. The parameters generally used to define turbine overall

performance are mass flow rate, torque, specific work, and efficiency.
These parameters are usually determined for ranges of rotative speed

and pressure ratio in order to fully define the performance of the tur-
bine. The mass flow rate, torque, rotative speed, inlet and exit pres-

sures, and inlet temperature (needed to determine efficiency) are

measured directly in the turbine test facility. Specific work is then

calculated from the equation

FN
Ah' =K dw (12-1)

where

Ah' turbine specific work, J/kg; Btu/lb

K conversion constant, 1 ; _/30 (rad)(min)/(rev)(sec)

I" torque, N-m; lb-ft

N rotative speed, rad/scc; rev/min

J conversion constant, 1; 778(ft)(lb)/Btu

w mass flow rate, kg/sec; lb/sec

Efficiency is obtained by dividing the actual work _h' by the ideal
work. Ideal work is a function of the turbine inlet total temperature

and the pressure ratio across the turbine, as shown by equation

(2-48b) or (2-49b) of chapter 2 (vol. 1). The inlet pressure is always

the total pressure. The outlet pressure used to define ideal work,

however, depends on the particular efficiency desired. Total efficiency
is based on outlet total pressure and is most meaningful where all

of the outlet velocity is useful or recoverable. Static efficiency is

based on outlet static pressure and is most meaningful where all

of the outlet velocity is lost. Rating efficiency is based on a pressure

corresponding to the recovery of only the axial component of outlet

velocity and, accordingly, is most meaningful where only the axial

component of the outlet velocity is useful. Rating efficiency is not as

commonly used as are the total and static efficiencies, which were

discussed in chapter 2 (vol. 1).

In this section, a representative test facility will be described, and

the types of devices generally used to make the required measurements

will be discussed. Data acquisition and reduction systems will not be

discussed in this chapter. These can vary from visual reading of

manometers and gages with slide-rule computations to completely

automatic electro_fic, data acquisition with on-line computer process-
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ing. A general discussion of data measurement, acquisition, trans-

mission, and recording systems can be found in texts such as ref-
erence 1.

Description of Test Facility

A turbine test facility consists of the research turbine, a gas supply,
an exhaust system, associated piping with control valves, a power
absorber, and the instrumentation needed to make the desired meas-

urements. A schematic diagram of a turbine test facility at the NASA

Lewis Research Center is shown in figure 12-1. This facility, a photo-

graph of which is shown in figure 12-2, is used to test single-stage or
multistage turbines of about 76 centimeters (30 in.) in diameter. It is

generally representative of most turbine test facilities and is used here

as an example for this discussion. In such a facility, removal of the

turbine rotor gives the room necessary to place survey instrumentation

behind the stator and, thereby, transforms the rotating rig into a
stator annular cascade.

Most turbine component testing is conducted with air at ambient

temperature or slightly heated. This is commonly called cold-air

Burst-disc Vent to

Laboratory safety valve roof

air system Venturi Sonic valve T

_F meter -,.,._,r

T

acility isolation Isolation

valve valves AI

r .... q

L _q B_urne r_l_,,.

Bypass control
va lye -.

Main control -

valve -

/_.lain exhaust

control valve

(3as supply _ .....

Expansion

= -_ Dynamometer

- Bypass exhaust
control valve

Facility isolation
valve

S Laboratory exhausl
system

FIGURE 12-1.--Flow schematic of a turbine test facility.
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FIGURE12-2.--Turbinetestfacility.

testing.Performanceparametersarereportedin termsof equivalent
valuesbasedon standardsea-levelconditionsof pressure(10.133
N/cm'_ or 14.696 psia) and temperature (288.2 K or 518.7 ° R). This

was discussed in chapter 2 (vol. 1). Using turbine-inlet test conditions
of pressure and temperature near the standard values results in lower

flow and power levels than would be encountered in an actual appli-

cation and thereby facilitates testing. Yet, the model turbine velocity

diagrams are similar to and the Mach numbers arc the same as those

of the actual turbine. Only Reynolds number, then, can present a

dissimilarity; however, for the larger turbines, this effect of Reynolds

number on turbine performance was found to be negligible. For

smaller turbines, where Reynolds number effects are more important,

turbine inlet, pressure can be varied to obtain the proper Reynolds
number.

Referring to figure 12-1, air for the turbine is supplied by the 27.6-

N/cm_-gage (40-psig) air system of the laboratory. A calibrated

venturi meter is located in a straight section of _he 40.6-centimeter

(16-in.) air-supply line for the purpose of metering the air flow. This
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piping is sized (as was all piping) such that the air velocities will not

exceed 61 meters per second (200 ft/sec). Location of the air-metering

device in the high-pressure supply line affords a relatively constant

upstream pressure and may minimize the number of metering devices

required for a range of flows. A further discussion of air-metering

devices is presented in a subsequent section.
Downstream of the venturi meter is an isolation valve controllable

by the turbine operator. A 30.5-centimeter (12-in.) sonic valve pro-

vides a high pressure drop to facilitate burner operation and automatic

inlet-pressure control. A burst-disc safety valve and vent line provide

protection from excessive pressure. Further downstream is the 50.8-
centimeter (20-in.) main control valve used to establish the desired

turbine-inlet pressure (for the example turbine, this was 76.2 cm

(30 in.) of Hg absolute). The 15.2-centimeter (6-in.) bypass control

valve permits fine control of the turbine-inlet pressure. The air then

diverts into two 50.8-centimeter (20-in.) lines to provide dual entry
of lower velocity air to the turbine entry plenum. (These lines can

be seen in fig. 12-2.)

After passing through the turbine, the air is discharged to the

altitude exhaust system of the laboratory through a 121.9-centimeter

(48-in.) main control valve and a 40.6-centimeter (16-in.) bypass

control valve. These valves permit the turbine operator to vary the

pressure ratio across the turbine while the turbine-inlet pressure is
maintained constant by automatic control. This type of pressure-
ratio control has been most successful with small turbines. With

large turbines, however, there is a slower response because of the
large pipe volume between the turbine and the inlet control valve.

A burner installation is shown (in fig. 12-1) in phantom, because
its use is optional. The purpose of the burner is to elevate the turbine-

inlet temperature so as to avoid icing problems at the turbine exit.

In this facility a single commercial jet-engine burner can, modified

for operation with natural gas, is used. Some of the high-pressure air is
bypassed to the burner and the heated air is then mixed with the

remaining air. The desired turbine inlet temperature is maintained by
controlling both the amount of bypassed air and the fuel flow. This

particular burner has the capability to heat a maximum air flow of

23.6 kilograms per second (52 lb/sec) from ambient temperature to
422 K (300 ° F).

In general, burners using gasoline, jet fuel, or natural gas provide

a relatively simple and inexpensive means of heating the air. However,

combustion products are added to the air, and these must be accounted

for in the pe_r_ormance calculations. Electrical heaters provide clean

heat, but are generally used only where flow rates are low, because of
the cost and complexity of large installations.
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All turbines and test facilities must be designed with safety features.

The following are some of the potentially unsafe conditions that must

be guarded against by constant monitoring:

(1) Low supply of turbine and dynamometer lubricating oil

(2) Low pressures of turbine and dynamometer lubricating oil

(3) High temperature in bearings

(4) High tenlperature of dynamometer outlet water

(5) Low pressure of dynamometer water supply

(6) High temperature of turbine inlet gas

(7) High (or low) temperature of turbine exit gas

(8) High pressure of turbine inlet gas

(9) High pressure of turbine exit gas

(10) Overspeed of turbine rotor
(11) Reduced clearance between rotor and casing

(12) Excessive rig vibration

(13) Excessive shaft orbit

Interlocks on some of the monitoring systems prevent turbine

starting. Some monitors provide for only an audible alarm during

operation. Others provide a signal to rapidly shut the valves in the
inlet air line as well as in the heater gas system. This quickly stops

rotor rotation in order to prevent damage to the turbine and facility.

Research Turbine

A schematic diagram of one Of the research turbines used in this

test facility is presented in figure 12-3. An enlarged view of the test
section with instrumentation stations indicated is also shown. As

stated previously, the air enters a plenum from two sides; the plenum
was designed with as much volume as feasible to provide for minimum

velocity and minimum pressure distortion. A screen is shown located

upstream of a converging section to further ensure a symmetrical
circumferential pressure distribution to the turbine hlades. This screen

has an approximate 50 percent effective area, giving a pressure drop

of 2 dynamic heads.

A short, straight, annular passage is provided between the converging
inlet section and the first row of blades for the purpose of installing

turbine-inlet pressure and temperature measurement devices. The

inlet measuring station (station 0 of fig. 12--3) is located about 1}_

blade chords upstream of the stator blades. Since the inlet velocity is

low, the insertion of probes does not significantly disturb the flow

entering the blading.

A straight, annular flow passage is also provided downstream of the
turbine blades to measure the turbine-outlet air state (measuring

station 2, fig. 12-3). Measurements are made about 2 blade-chord
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f -1
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FmURE 12-3.--Schematic diagram of turbine test section.

lengths (lowIlstream of the rotor, where the exit air is relatively sta-
bilize_l _tml uniform.

Both the inlet aml outlet sections (if the test turbine are somewhat

i(leMized _ls conq)ared to an actual jet-engine turbine installation.

The latt(,r has a burner immediatel 5- preceding tim turbine inlet, and a

tail e(me immediately folhlwing tile hlst row of blames. Flow-passage

diameters vary. Also, for the sake of engine weight saving, minimum

axiM length is required. Accunttely measuring the state conditions

before _md after the turhine bla(ling in varying area passages is ex-

tremely ,liflicult, _md this is the reason for tile use of straight, annular
tlow p_ssages in the test turbine.

Flow-Property Measurements

The flow-property measuring stations are located in the axial

positions indicated in figure 12-3. There are numerous types and
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x Temperature rake

o Total-pressure probe

• Static-pressure tap
c: Angle probe

Measuring slations 0 ]. 2

FIGURE 12-4.--Schematic diagram of turbine instrumentation.

variations of probes available to make the desired measurements. We

will discuss primarily the instruments used in the example research
turbine to obtain the desired measurements of pressure, temperature,

and flow angle. The instrumentation located at the turbine inlet and

outlet, as well as at the stator exit, is shown in figure 12-4.

In general, all turbine experimental investigations, irrespective of
turbine size or number of stages, require the same overall data. The

size of the turbine determines whether duplication of research instru-
mentation can be afforded. For large turbines, the relative size of the

probes with respect to the flow passages can be considered negligible.
In small turbines, the presence of the various probes with their associ-

ated blockage could have an effect on the turbine expansion process,
and, therefore, on the values being measured. This consideration

usually limits the number and size of probes.

Static pressure.--At each measuring station, as shown in figure
12-4, there are four static-pressure taps, diametrically opposed and

90 ° apart,, on both the inner and outer walls. This multiplicity pro-
vides a check on the circumferential pressure distribution. In order
to minimize the amount of instrumentation and data, multiple

taps are often manifolded to provide a single reading. If the individual

pressures differ, however, some flow circulation occurs and the ob-
served pressure reading may not be the true average of the individual

pressures.
As part, of the stator performance test, it is often desired to de-

termine the static-pressure distribution along the blade surface.

As explained in a subsequent section, this information is used to
calculate the b}ade surface velocities. Static-pressure taps are installed
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along the hub, mean, and tip sections of the blade. If the number of

tubes that can be installed in any one blade is limited by the size of

the blade, then the desired taps can be divided among two or more

adjacent blades. For the research turbine being discussed, the blades

are hollow and fairly large; thus, installing the taps presented no

major problem. The pressure-tap hole size used is approximately
0.0254 centimeter (0.010 in.) in diameter. A small hole is desirable

so as not to disturb the flow; however, too small a hole results in a

long response time.

Inlet total pressure.--Four shielded total-pressure probes, 90 °

apart, are located at the inlet measuring station (see fig. 12-4) and

are all immersed to the area center of the flow passage. One such
probe is shown in figure 12-5(a). The shielding, which is about 0.48

centimeter (0.19 in.) in diameter and twice that in length, is such

that pressure readings are relatively insensitive to yaw for some 40 ° .

The unshielded probe shown in figure 12-5(b) is also commonly

used for total-pressure measurement. This probe has an insensitiviiy
to yaw for about 20 ° .

Flow

(a) Shielded probe. (b) Unshielded probe.

FmURE 12-5.--Total-pressure probes.

The turbine-inlet total-pressure readings serve as a check on the

circumferential pressure distribution and are used during turbine

testing to establish and maintain a constant turbine-inlet total pres-

sure. However, the turbine-inlet total-pressure value that is often

used to define pressure ratio when reporting turbine performance is a

value based on experimental measurements of mass flow rate, static
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pressure, and total temperature and obtained by the following equa-

tion, with the flow angle a assumed to be zero at the turbine inlet:

P'=?LS+Y \}At) cos (12-2)

where

p'

P
7

g
Aan

R

T'

ot

This

total pressure, N/m2; lb/ft 2

static lu'essure, N/m2; lb/ft 2
ratio of specific heat at constant I)ressure to specific heat at

constant volume

conversion constant, 1 ; 32.17 (lbm) (ft)/(lhf) (sec 2)

annulus area, m2; ft 2

gas constant, J/(kg) (K) ; (ft) (lbf)/(lbm) (°R)

total temperature, K; °R
flow angle measured from axial direction, deg

calculated value of turbine-inlet total I)ressure is thought to be

more representative of the true aver_ge wdue than is the experimental
value.

Inlet temperature.--Two thermocoul)le rakes, sl)aced 180 ° apart,
are located at the turbine inlet measuring station (see fig. 12-4).

These rakes, which are of a type similar to that shown in figure 12-6 (a),
contain a number of thernmcouples situated at the area center radii

of equal annular areas. The I)arti(:ular rake shown in figure 12-6(a)
was used to determine the temperatures at the (,enter, the area-mean

radius, and the wall of the outlet duct of a radial-inflow turbine.
Provisions _re made for individual rea(lings as well as for the average

of all the readings. The latter facilitates testing with the burner in

ol)eration, where a constant inlet temperature is maintained. Auto-
matie fuel regulation to the burner is 1)rovided for this purpose.

.Measurement of temperature at low Reynolds nmnber can present

_Lproblem due to heat conduction effects. This problem did not exist
for the large research turbine being used as an example herein, but

was encountered in testing some small turbines as discussed in ref-

erence 2. A large amount of bare thermoeouph_ wire must be exposed
to the flow in order to make the conduction error negligible. The

conventional thermocouple shown in figure 12-6(a) has a ratio of

exposed wire length to diameter of about 12, which is inadequate for

good accuracy at low Reynolds number. The modified thermocouple
shown in figure 12-6(b) has a wire length-to-diameter ratio of about

170. This modified probe gives excellent results.
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(a) Conventional type. (b) Modified type.

FIOURE 12-6.--Thermocouplc rake configurations.

Stator outlet.--During turbine testing, the only measurement made

at the stator outlet is the previously mentioned static pressure. For

stator performance testing, the rotor is removed, and a total-pressure

survey probe is installed. Although it is desirable also to obtain stator-
outlet radial and circumferential static-pressure surveys, the problems

associated with conventional wedge probes, especially the effect of

probe blockage on the value being measured, make such measurements
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FmUR}: 12-7.--Total-pressure survey probe installed in test facility.

unreliable. The required static pressures are obtained by interpolation
from the values measured at the hub and tip wall taps. The total-

pressure probe used in the test facility is shown in figure 12-7. This

probe is fixed at an angle previously determined to be the average

flow angle. Note that the probe has two sensing elements; these are

required to obtain measurements at both the inner and outer walls.
The total-pressure survey equipment is shown in figure 12-8. The

actuator provides for radial movement of the probe, and the motor-

driven outer-wall saddle provides for circumferential movement. The

probe shown in this figure does not have the same stem configuration

as the previously shown probe (fi_. 12-7) that was used in the example

facility. Considerations regarding the effects of stein blockage, sensing
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FIGURE 12-8.--Total-pressure survey equipment.

C-66-2250

element diameter, and measurement distance behind the blade trailing
edge are discussed in reference 3.

Although not used in the particular facility serving as the discussion

example herein, optical laser techniques have recently come into

use for directly measuring velocity magnitude and direction. A laser

Doppler velocimeter, such as described in reference 4, allows the

velocity measurements to be made without the use of flow-disturbing
probes.

Turbine outlet.--Combination probes, with the type of sensing head

shown in figure 12-9, capable of measuring total pressure, temperature,

and flow angle are located at the turbine exit. Figure 12-4 shows that

five of these combination probes are distributed circumferentially at

measuriDg station 2. Each probe is located at the area center radius

of one of five equal annular areas. In general, turbine size influences
the number of probes permissible.

Measurement of flow angle is accomplished by means of a conven-
tional self-balancing probe system. The probe shown is of a 3-tube

design, with the center tube used to measure total pressure. The two

side tubes are symmetrically located with respect to the center tube

and are exposed to a pressure that ranges between the total pressure
and the static pressure. The openings in the side tubes are in planes

making an angle of 45 ° with the center tube. These side tubes are

connected to the two sides of a diaphragm in a balance capsule. A
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FIGURE 12-9.--Combination-probe sensing head.

differential transformer in the capsule is actuated by the diaphragm,

so that an error signal is generated when the pressures in the side

tubes of the probe are unequal. A servo-system operates to reduce

the error to zero by pointing the probe into tile ttow.

Exit total-temperature and total-pressure measuremerLts are

generally not used for the primary determillation of turbine efficiency,

but they are used to determine values in order to check for gross
discrepancies. It ilas been found that measurenwnt of torque and use

of equation (12-1) provides more reliable values of specific work

than does measurement of exit total temperature. This is especially

true if the temperature probe is in a fixed position and large variations

in flow angle occur over the range of operating conditions. Even with

a self-bMancing probe, the exit passage wouht tlave to be surveyed

and the results integrated in order for the sl)ecific work to be deter-

mined accurately.
Exit total pressure, which is used for the calculation of ideal work,

is usually determined from equation (12-2). When the exit flow angle

is small, use of equation (12-2) yields more reliable values of exit total

pressure than does direct measurement. When the exit flow angle is
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large, the radial variations in pressure and angle in the exit passage

become large. In this case, unless integrated values can be obtained

for use in equation (12-2), the choice between calculation and measure-

ment of exit total pressure is not clear-cut.

Mass-Flow Measurement

Flows are usually measured with variable-head meters, which de-

pend on the pressure differential caused by a constriction in the fluid

pipe. The primary element is a restriction such as a venturi, nozzle, or

orifice placed in the pipe through which the fluid is flowing. The

secondary element may be a simple U-tube manometer or an intricate

pressure recording device. Each of these meters has certain advantages

and disadvantages, and the selection of any particular meter depends

on the requirements and constraints of the particular application.

All of these variable head meters have the same basic equation for

the computation of the rate of flow:

W=A,MCEY_/2gp_(p_,--pt) (12-3)

where

At flow area of meter throat, nd; fC

M approach velocity factor

C discharge coefficient

E thermal expansion factor

Y compressibility factor

p,_ density at meter inlet, kg/m3; ]b/ft 3
p_ static pressure at meter inlet, N/m_; lb/ft 2

Pt static pressure at meter throat, N/mS; lb/ft 2

The approach velocity factor is

1
M- (12-4)

1 D, 4

whereD is (liameter, in m or ft.

The discharge coefficient C accounts for the difference between the

actual flow rate and the theoretical flow rate and is significantly dif-

fcrent for each type of meter. Although good approximations for

discharge coefficients can be made from published data, a direct call-
bration of the meter should be made to assure accurate results. The

thermal expansion factor E accounts for the fact that the meter

throat area is usually determined from measurements obtained at

room temperature, which usually is not equal to the temperature of the

fluid flowing through the meter.
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The compressibility factor for nozzles and venturi meters is

2:.,V ( P"_("-":"- Dr' '/'

t''"L Li-c;:)I 7"J/
(12-5)

The derivation of equation (12-5), along with curves showing Y as a

function of P,/Pt, and D,/D,,, is presented in reference 5. For most

concentric orifices having (ap/p_,)<0.3, the value of Y can be

determined from the following empirical equation from reference 5:

Yl\D_;! j p:./':

Ventur_ tube.--Figure 12-10 shows the important features of a
venturi tube, which consists of a cylindrical entrance section, a con-

verging section, a cylindrical throat section, and a diffuser section. The

tubes are usually cast and have machined internal surfaces. The dif-
fuser section usually is made with an included angle of about 7 ° with

tile object of accomplishing a maximum recovery of kinetic energy

while minimizing friction loss. The total pressure loss front the venturi-

tube inlet to exit is from 10 to 20 percent of the differential pressure

between the inlet and the throat. The venturi tube has disadvantages

in that it is bulky, difficult to construct (particularly so as to provide

reproducibility), more expensive than other head meters, and requires

a long, straight run of piping.

Flow

. . Pressure taps

FIGURE 12-10.--Venturi tube.

Flow nozzle.--Figure 12-11 shows the shape of a commonly used
flow nozzle. The flow nozzle approaches, to some extent, the venturi

tube without the diffuser section. The high pressure recovery obtained

with the venturi is thus lost, and the nozzle has a pressure loss of 30
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FmuRE 12-11.--Flow nozzle.

percent or more, depending on area ratio, of the differential pressure

between the inlet and the throat. The flow coefficient (product of

approach factor M and discharge coefficient C) for a nozzle is about
0.98.

0r/fice.--The sharp-edged orifice (fig. 12-12) is probably the most
widely used of the various head meters. Because of the inward flow of

the streamlines on the upstream side of the plate, the minimum stream
area occurs downstream from the orifice edge. This minimum area is

known as the vena contracta, and it is at this area that the minimum

pressure is obtained. The orifice has a pressure loss somewhat greater
than that for a flow nozzle. The flow coefficient for an orifice is about

0.65. This low value is due to the effective minimum area being at the
vena contracta rather than at the orifice itself.

It is possible to make, in most machine shops, an orifice with which

published coefficients may be used. If the hole is carefully made ac-

cording to specifications, a high degree of reproducibility of flow con-

ditions is possible. The upstream edge must be sharp, and the axial
length of the gylindrical portion must not exceed 5 percent of the in-
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FIGURE 12-12.--Sharp-edged orifice.

side diameter of the pipe. Because it is possible to construct two or

more orifices which will have the same coefficients when calibrated,

the orifice is extensively used.

Torque Measurement

In turbine-component tests, an accurate measurement of torque

produced by the turbine is of prime consideration in evaluating turbine
performance. The devices most commonly used to determine turbine

torque are cradled absorption dynamometers. Simply, the absorption

dynamometer converts the energy supplied by the turbine into heat.

This heat, in turn, is dissipated to the surroundings, where it generally

serves no useful purpose. The dynamometer pro_ddes a load for the

turbine, and this is used as the turbine speed controller.
Absorption dynamometers to be discussed in this section include

(1) hydraulic, or fluid-friction, brakes; (2) electromagnetic brakes;

(3) electric generators used as brakes; and (4) airbrakes. In addition,

methods for measuring dynanmmeter force and types of torque meters
other than absorption dynamometers are discussed.

Hydratdic dynamometer.--These units are frequently called water

brakes, since the fluid is almost always water. A typical water brake

is sho_m in figure 12-13, which shows clearly the cradle mounting

generally used in dynamometer installations. The shaft is coupled
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Disk

Water inlet-, /-Water inlet

Shaft Packing /- Packing /- Shaft
gland / gland

bearing -, J bearing

Pedestal Pedestal

bearing bearing

FIGURE 12-13.--Hydraulic dynamometer. (Courtesy of Murray Iron Works Co.)

directly to the test turbine and transmits the developed torque to the

housing through the shaft bearings, the packing glands, and fluid

friction on the disk. The housing is supported in the pedestal bearings

so that it is free to rotate, within limits. As the shaft rotates, the

housing tends to rotate with it. A scale attached to an arm on the

housing permits determination of the turning moment, and the power

absorbed may be computed.

Water fed into the disk compartment is t hro_ by centrifugal force

to the periphery of the disk, where it forms a ring. As the discharge

valves are closed or the inlet valves opened further, the water ring

depth is increased; this results in greater frictional resistance between
the disk and the housing, and a consequently increased absorption ca-

pacity of the brake. The amount of water circulated should be suffi-

cient to prevent the formation of steam at any point, since such
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action would cause momentary unloading. With a constant water

level, the power-absorbing capacity of this brake varies almost as

the cube of the speed. This characteristic (i.e., increase of torque with

increase of speed, and vice versa) is typical of all fluid-friction and

electrical-type dynamometers and makes them particularly desirable
for testing nongoverned engines.

Some water brakes are provided with through-holes in the disk near

the outer periphery. This tends to further increase the friction, and

can increase power absorption by as much as an order of magnitude.

Care must be exercised, however, because erosion of the disk can occur,

particularly in the vicinity of these holes. Another way to increase

power absorption capability is by staging; that is, by using more than
one disk.

Eddy-current dynamometer.--The eddy-current dynamometer is
sho_m in the two views of figure 12-14. In t}fis device, the stator is

supported on the pedestal bearings so that any torque may be trans-

mitted by means of the torque arm and measured by the scale. The
rotor is mounted on the shaft, which is supported in the stator in

bearings. The stator carries a coil, which, when energized with direct

current, magnetizes the stator and rotor. On the rotor are teeth with

ends machined to produce a small air gap between them and the oppos-

ing face of the stator. The lines of force enter the rotor principally

through the ends of the teeth, so that as the rotor is moved by the

device being tested, the lines of force are caused to sweep through the

,,, Stator
,[

bearin(; t j Shaft _j

\" )ear ng ,/_j ,j/_
,,{

Pedestal / '1 'X

bearing I __ _Pedes

eari ng _

Water passages ,, _, Stator

.._\_ Scale i
" I

.....i;. _ _,, ,.,

" "%_I_Y _ ) ,

t ,I V :_/ "\

Shalt ' I _T \

orque arr_ ×

I

FIGURE 12-14.--Eddy-current dynamometer. (Courtesy of Mid-West Dyna-

mometer and Engineering Co.)
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iron of the stator. The magnetic attraction between the rotor and the

stator causes the stator to try to turn with the rotor. The lines of

force sweeping through the stator induce currents therein; this energy

is dissipated to cooling water flowing ttuough passages in the stator.

The dynamometer shown in figure 12-14 is called a dry-gap type,
because the coolant water does not contact the rotor. A wet-gap eddy-

current dynamometer is also commonly used. The wet-gap type has a

cylindrical iron-core rotor, and the water flows from passages in the

stator directly onto the rotor. Eddy-current dynamometers can be

connected in series to give any required power absorption capability.

de dynamometer.--A dc electric motor-generator, with frame or

stator cradled, provides the most versatile dynamometer. It can be

used to measure the power iequired to drive a device (testing a pump

or a compressor) as well as to absorb the output of a prime mover
(a turbine or a reciprocating engine). When it is driving, the unit acts

as a motor; when it is absorbing energy, the unit acts as a generator.

The driving capability permits the researcher to determine bearing,

seal, and windage losses by removing the turbine rotor, driving the

shaft, and measuring the torque as a function of speed. This frictional

torque is then added to the torque measured during the turbine tests
in order to obtain the true turbine torque. For the smaller turbines,

the friction losses may represent an appreciable percentage of the

total turbine power. For the larger jet-engine type turbines, these

losses are generally small when compared to the total torque output,

and hence, they can often be neglected.

Airbrake dynamometer.--The airbrake dynamometer is a type of

power absorber that was developed at the NASA Lewis Research

Center. It is used extensively for testing small turbines (less than

about 19 kW (25 hp)). A cross-sectional view of the airbrake dyna-

mometer is shown in figure 12-15. The airbrake consists of a throttle
valve, an inlet collector, a stator, a rotor with either a paddle wheel

or airfoil type blading, and flow straighteners to ensure axial entry

and discharge of the air. After the air enters the inlet collector of the
airbrake in an axial diiection, it is accelerated through the stator,

which gives it tangential momentum in a direction opposite to the
direction of rotation of the rotor. The rotor removes tangential

momentum from the air and, thereby, absorbs the research turbine

power output. After leaving the rotor, the air passes through flow

straighteners and is discharged from the airbrake in an axial direction.

Therefore, the torque on the Iotor is equal to the torque on the casing.

The casing is cradled in air bearings, which are designed for radial

and axial loads. A torque arm is attached to the casing for measure-

ment of torque.
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FIGURE 12-15.--Airbrake dynamometer.

It can be noted from figure 12--15 that the stator consists of two

sections, an outer and an inner blade row, with independent valving

for each blade row. This stator system is well adapted to measure

extremely small turbine outputs at. low inlet pressures. For example,
a stator configuration can be used where one blade row can impart

tangential momentum in the same direction of rotation as the rotor

while the other stator blade row imparts tangential momentum in

a direction opposite to the direction of rotation of the rotor. For this

case, the rotor is of the paddle-wheel type design. Thus, the aiIbrake

can be used to absorb tmbine power or to drive the turbine. This

driving capability, as was the case for the dc dynamometer, permits
the measurement of bearing and seal frictional losses.

]tleasurement of dynamometer force.--The dynamometer force

measurement can be obtained most simply by a spring-balance scale.

Such a scale can be used because the displacements of the power

absorber torque arm are very small. Because ttlese scales indicate

forces acting vertically, the torque arm should and does remain

relatively horizontal, regardless of the magnitude of the force involved.

The disadvantages of a spring-balance scale are that the reading is not

readily remotely observable (low-power telescopes have been used),

and available scales may not have the proper force range.
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Hydrostatic devices with either a liquid (e.g., mercury) or a gas

(e.g., air) as the fluid have been used to measure force. The principle

of operation is that the force to be measured is impressed on the fluid,
with the fluid being held in a confined space. The greater the force on

the fluid, the greater becomes the pressure on the fluid. This fluid

pressure can be calibrated in terms of the load or force required to

produce it.
Most current turbine test facilities are equipped with calibrated

strain-gage load cells to measure torque. These devices provide an

electrical output signal which, with appropriate electronics, can

provide direct torque readings on a digital voltmeter. This signal is

particularly suitable for automatic digital data recording.
Strain-gage torquemeter.--Sometimes, in turbomachinery component

testing, it is impractical to cradle the equipment as required for

conventional torque measurement. The situation may arise wherein
the turbine rotative speed is higher than the capability of the ab-

sorber, which would necessitate the use of an intermediate gear box.

To circumvent this problem, a high-speed, strain-gage torquemeter,

which operates on the principle that shaft torque and shaft surface

strain are proportional, can be used. A bonded wire strain gage is
mounted on the shaft, between the turbine and the power absorber.

The fine wire has the property that its resistance is very nearly a

unique function of the strain applied. Readings are transmitted

through slip rings, onto brushes, and to appropriate electronic equip-
ment, where the shaft torque is indicated. Problems encountered

with this type of torquemeter include short brush life and the
occurrence of induced voltages that interfere with the measurements.

Optical torquemeter.--An optical torquemeter basically consists of
a shaft with polished parallel and flat reflecting surfaces at each end.

A stationary optical unit measures the twist of the shaft. The optical

system projects tim illuminated image of a slit, by successive reflection
from each of the reflecting surfaces on the shaft, onto two photocells

separated by a hairline gap. Shaft twist produces unbalanced illum-
ination on the two photocells. A servomechanism thereupon repositions

the photocells to restore the null-balance condition. Photocell position
is a measure of shaft twist.

Experience has indicated that the reflecting surfaces of the optical

torquemeter must be kept highly polished to maintain accuracy.
This may be difficult, because these surfaces are usually close to the

turbine bearings and/or gearbox bearings and oil mist tends to cloud

these surfaces. A higher intensity light source, such as a laser beam,

may possibly facilitate accurate torque readings. The design of both the

optical and the strain-gage torquemeters must provide for adequate
torsional twist under load. Both systems have been operated in con-
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junction with dynamometers, with good correlation. There are other

types of torquemeters that are commercially available that also
could be used for turbine testing.

Rotative-Speed Measurement

One of the simplest and most accurate measurements in turbine

testing is that of rotative speed. The electric tachometer can be used

to give a continuous indication of speed. Adc generator, with a per-

manent magnetic field and a rotating armature, is driven by the
shaft the speed of which is to be measured. Since the field is constant,

the voltage output of the generator is proportional to its speed. The
usually remote indicator is a voltmeter graduated to read rotative
speed.

For greater accuracy in speed measurements, a positively driven

revolution counter should be used. A means is provided for engaging

and disengaging it simultaneously with a timer. Commercial units,

called chronotachometers, are available. These units are advantageous

because they yield an average rotadve speed for a given time (usually
1 minute).

The currently most accepted method of measuring speed is through

the use of an electromagnetic or electronic pulse counter. It is particu-

larly suited for high-rotative-speed machines. For this method, a
sprocket with a given number of teeth is secured to the turbine shaft.

An electronic pickup accurately counts the teeth (or impulses) for a
given tinle and displays the count directly as rotative speed.

Rotative speed varies somewhat during turbine tests when the air

supply pressure varies. Since mass flow rate and, therefore, power are

directly proportional to pressure, an increase in supply pressure tends

to drive the turbine faster. The absorber tends to correct for this, and

there result accelerations and decelerations within the accuracy of

the control system. It is, therefore, ideal to have a steady air supply
to provide greater accuracy when taking data.

TURBINE PERFORMANCE

The performance characteristics of turbines are usually presented

by means of performance maps. Such a performance map shows, on

one figure, the turbine flow and work as functions of the operating

conditions of speed and pressure ratio. Also shown on the map are
contours of efficiency. The flow, work, and speed are shown in terms

of equivalent conditions so that the map can be readily used for an 3,
inlet conditions of temperature and pressure. The concept and nature

of equivalent conditions are discussed in chapter 2 (vol. 1).
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In brief review, the equivalent conditions are

_b_e q _- W -_

Ah_( 0

(12-7)

(12-8)

and

N

N_q=_ (12-9)

where the subscript eq refers to the equivalent condition. The cor-
rection factors are defined as

0 (V_'°-) 2 (12-10)
_.gcr, std/

_=: p,'o (12-11)
1)std

and

2 "_")'std/(_std-l)

(12--12)
_= / 2 "V :(_-_)

where the square of tile critical velocity V_, is

v'. 2,_i _t_T' (12-13)

The subscript std refers to the standard sea-level air conditions of
pressure (10.133 N/cm 2 or 14.696 psia), temperature (288.2 K or

518.7 ° R), inolecuh, r weight (29.0), and specific heat ratio (1.4).

An cxamI)le performance map is presented in figure 12-16. Equiva-

lent Sl)ecific work is plotted against the product of the equivalent mass
flow and the equiwt.lent rotative speed. This product conveniently

sl)reads out the data because, as will be shown in tile discussion to

follow, there may be little or no variation in the mass flow rate with
variations in roU_tive sl)eed. Lines of constant pressure ratio (total

i)ressure r_tio in this case) and constant sl)ecd are 1)resented on the

map. Also, contours of efficiency are i_tcluded for completeness.

Although a great (leal of information can be obtained from the

performanc(_ real), a better understanding of the turbine t)erformance

(._n be obtained if some of the 1)erformance l)arameters are plotted

independently as functions of pressure ratio for a range of speed. The

curves of this type to be presented in the following sections are not

127

551-543 _ " 75 [C



TURBINE DESIGN AND APPLICATION

11 _

Percent of design equivalent speed, N/_/e

Ratio of inlet-total to exit-total pressure, pb/p_
Efficiency

Design equivalent speed and work output

70

80

/

/ .... I'- - /_;1.8

I J ; = L + S__

25_ . 4 5 6 7 8 9 lOxlO 3

Product of equivalent mass flow and equi.vatent rotative speed,

EwNt(5, (kq)(rad!isec /
L__ • . _] I l ±_ I__i_ ' A I I _--J

6 ? 8 9 10 It 12 13 14 15 16 17 18 19 20 21xlO 4

Product of equivalent mass flow and equivalent rotative speed,

EwNI6, Hblirpm Ilsec

FIGURE 12-16.--Turbine performance map.

for the same turbine whose real) is shown in figure 12-16, but were

selected to illustrate certain points.

Mass Flow

Variations in mass flow rate with turbine pressure ratio and speed

are shown in figures 12-17 and 12-18 for a single-stage turbine oper-

ated with two different stators. Figure 12-17 was obtained with a

stator having a large stagger angle (small stator-throat area), and

figure 12-18 was obtained with a stator having a small stagger angle
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(large stator-throat area). For both cases, the stator blades were
identical, and the same rotor was used.

In both figures it can be seen that for a given speed, the mass flow
rate increases as the pressure ratio increases until some maximum
value is reached. A further increase in pressure ratio produces no
increase in mass flow. The reason for this maximum in mass flow is
that either the stator or the rotor has choked.

In figure 12-17, which is for the small stator-throat area, the maxi-
mum value of mass flow rate is unaffected by the rotational speed;
this indicates that the stator is choked. In figure 12-18, the maximum
mass flow rate is influenced by the rotational speed, which indicates
that the rotor is choked. For the case of the choked rotor, the maxi-

mum mass flow rate increases with decreasing rotational speed. This
is the usual behavior and is due to an increase in the rotor inlet rela-

tive total pressure with decreasing speed. In some cases, however, the
occurrence of very large incidence losses causes a decrease in maxi-
mum flow with decreasing speed.

The foregoing discussion has been for the case of a single-stage
turbine. In a multistage turbine, the flow variation shown in figure
12-17 would indicate a first-stage stator choke. A flow variation of
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FIOURE 12-17.--Variation of equivalent mass flow with total-pressure ratio

for turbine with small stator-throat area.
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FIGURE 12-18.--Variation of equivalent mass flow with total-pressure ratio for

turbine with large stator-throat area.

the type shown in figure 12-18 would indicate choking in some
downstream blade row, either a rotor or a stator. To determine

exactly where this choking occurred, static-pressure measurements

between the blade rows would have to be obtained. Such data are

illustrated in figure 12-19, where t.he variation in hub static pressure

with turbine pressure ratio (at constant speed) is shown for each

blade row exit of a two-stage turbine. As the turbine pressure ratio

increases, choking in any given blade row is indicated by the static

pressure upstream of that blade row remaining constant while the

downstreanl st.at.i(: pressure continues to (tecrease. For the particular
ease illustrated in figure 12-19, choking occurs tirst in the second

stator at a turbine pressure ratio of about 3.2. As turbine pressure
ratio continues _o increase, the second rotor then chokes at a turbine

pressure ratio of about 3.7. It is, of course, the first choke that es-
tablishes the maximum flow rate for the turbine.
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FIGURE 12-19.--Effect of turbine total-pressure ratio on hub static pressure in a

two*stage turbine.

Torque

As indicated by equation (2-9) of chapter 2 (vol. 1), the torque

should vary directly with the mass flow rate and with the change in

tangential component of absolute velocity (AV.) between rotor inlet

and exit for any constant radius. The manner in which torque varies

experimentally with turbine pressure ratio and speed is shown in

figure 12-20. For a given speed, increasing the pressure ratio in-

creases the torque due to a higher mass flow rate and higher values

of AV_ resulting from the high velocities and increased turning

(absolute) in the rotor. At a given pressure ratio, the torque decreases

with increasing speed. This is due to a decrease in the amount of

tulning in the rotor (exit absolute flow angle becomes more posiiive

as speed increases) and a possible decrease in mass flow late.
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FIGURE 12-20.--Variation of equivalent torque with turbine pressure ratio and

speed.

Figure 12-20 shows that as the pressure ratio increases for a given

speed, the torque tends to level off and reach a maximum value.

Above this limit, troy further increase in pressure ratio results in no

additional torque. This phenomenon is termed "limiting loading"

and is indicated on a performance map by the lines of constant

l)ressure ratio converging to yield a maximum value of equivalent

specific work for each speed. In figure 12-16, limiting loading is being

apt)roached but has not been reached. Limiting loading occurs when

the annulus area at the turbine exit is choked; that is, when the exit

axial Mach number is unity.

The mass flow and torque curves just discussed can be plotted from

measured data. These curves are then used to construct the turbine

performance real). The usual procedure in constructing a performance

map is to select the mass flow and torque at even increments of pressure

ratio for the various speeds. Specific work, ideal specific work, and

efficiency are then calculated, and the performance map can be drawn.

Efficiency

Another convenient and widely used method of presenting turbine
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performance is to plot efficiency as a function of blade-jet speed ratio

v, which is given by the equation

U

v=/_ (12-14)

where

U blade mean-section speed, m/sec; ft/sec

5h_d ideal sl)ecific work based on ratio of inlet-total to exit-static

pressure, J/kg; Btu/lb

This was discussed in chapter 2 (vol. 1), where a correlation was shown

mathematically for an idealized case. For that case, efficiency was

shown to vary parabolically with blade-jet speed ratio.

Experimentally obtained static efficiencies are plotted against blade-

jet speed ratio in figure 12-21 for a two-stage axial-flow turbine over a
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FIGURE 12-21.--V_riation of efficiency with blade-jet speed ratio.
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wide range of speed _md pressure ratio. Tile total efficiencies for this

turbine, because of the two stages and ver b, low exit, velocities, were
only ver b- slightly (1 or 2 percent) higher th,m the sta.tic efti(',iencies

_md _re, therefore, not presented. Figure 12-21 shows that the blade-

jet sl)eed ratio serves very well to <:orrehtte turbine efficiency in a
generalized m_mner for a re_tl turbine _s well _is for an ideal turbine.

It should 1be noted, however, that lhe ('orrchLtion is not _tlw_tb's as good
as for the turbine tel)resented by this tigure. For ot)erat,ing conditions

where limiting binding is nl)l)rOa(:]led, the sl)eed lines tend to separate
somewhat, especially at the lower blade-jet speed ratios.

Flow Angles

Although tlow _lngles are not considered as turbine performance

parameters, we should understand how Lhey vary over the turbine
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FIGURE 12-22.--Variation of rotor incidence angle with turbine pressure ratio

and speed.
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operating conditions. The direction of the flow entering each blade

row determines the incidence loss, which is an important contributor

to off-design losses, as discussed in chapter 8 (vol. 2). The rotor

incidence angle, which is defined as the difference between the rotor-

inlet relative flow angle and the rotor blade inlet angle, was calculated

over a range of speed and pressure ratio for a typical single-stage

turbine, and the resultant values are presented in figure 12-22. Flow

angles are herein defined as being positive when the tangential com-

ponent of the velocity vector is in the same direction as the blade

velocity. The following generalized observations can be made from

this figure: (1) a large variation in incidence angle occurs over the po-

tential operating range of a turbine, (2) the change in incidence angle
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FIOURE 12-23.--Variation of outlet flow angle with turbine pressure ratio and

speed.
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with pressure ratio becomes greater as speed increases, and (3) the

rotor incidence angle becomes more positive as the pressure ratio
increases and speed decreases.

The turbine outlet flow angle is important with respect to the design
of whatever con_ponent may be downstream of the turbine or to the
amount of thrust that can be obtained from the outlet flow. Outlet

flow angle is plotted over a range of speed and pressure ratio in figure

12-23 for the same single-stage turbine referred to in the last para-

graph. The trends observed and generalizations ma(le for the incidence

angle also apply to the outlet flow angle, the only difference being that

the change in outlet flow angle with pressure ratio and speed is in the

direction opposite to that for rotor incidence angle.

Stator Loss

Stator loss is directly measurable ill terms of total pressure by
nleans of a total-pressure probe and survey equipment such as that

previously shown in figures 12-7 and 12-8. A typical circumferential

total-pressure loss survey taken at one radius just behind the stator

trailing edge is shown in figure 12-24. It can be phdnly seen that all

of the loss occurs in the wake region. A composite of inany such

circumferential traces yields contours of stator total-pressure ratio
such as shown in figure 12-25. The majority of the lraces were concen-

trated near the hub and tip regions, where measurements were greatly

affected by the end-wall boundary layers. 'File increased pressure loss

with increasing critical velocity ratio (and flow) and the end-wall

boundary-layer buildup can be noted. The total-pressure loss data can

be converted to kinetic-energy loss coefficients as described in chapter

7 (vol. 2). Integration of the losses over the area of one full passage
gives the total loss for the stator. Once the turbine and stator perform-

FIGURE 12-24.--Typical total-pressure loss survey data at blade exit.
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FIGURe; 12-25.--Contours of total-pressurc ratio from stator annular surveys.

ance have been obtained experimentally, a turbine loss breakdown
can be made.

Surface Velocity

An important part of the blading design is the selection of the blade
surface profiles that yield favorable surface velocity distributions.
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Analytical methods for calculating surface velocities were discussed in

chapter 5 (vol. 2). During the test program, it is of interest to deter-

mine whether the "designed for" surface velocities were actually

achieved. To obtain the velocity distribution along a blade surface,
static-pressure measurements are made along the blade surfaces in the

manner discussed previously in the section on static-pressure measure-

ments. With the static pressure distribution along the blade surfaces
known, the velocity distribution can be determined from the relation

1- JJ (12-15)

Figure 12-26 shows the experimentally determined surface velocity
distributions for two stators tested under similar conditions. The dis-

tribution shown in figure 12-26(a) is considered to be a desirable one.

Acceleration on the suction surface to the maximum velocity is

smooth, and the maximum velocity is maintained subsonic. There are

no large flow decelerations (diffusions) on either surface. The loading
(force on blade) is well distributed along the blade.

Figure 12-26(b), on the other hand, shows a velocity distribution
considered to be undesirable. Flow on the suction surface accelerates
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to a supersonic velocity (V/V¢,----1.2) and then undergoes a rapid

deceleration back to a subsonic velocity. Such a deceleration causes a

thickening of the boundary layer with an associated increase in loss

and could possibly lead to separation of the flow off the suction sur-

face. A deceleration is also observed on the pressure surface, but this

is not as critical, because it is followed by an acceleration that would

result in reattachment of any separated flow. In general, velocity

distributions with sharp peaks and valleys should be avoided when the

blades are being designed.
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SYMBOLS

area, m2; ft _

discharge coefficient

diameter, m; ft

thermal expansion factor

conversion constant, 1 ; 32.17 (Ibm) (ft)/(lbf) (sec 2)
ideal specific work based on ratio of inlet-total to exit-static

pressure, J/kg; Btu/lb

turbine specific work, J/kg; Btu/lb

conversion constant, 1 ; 778 (ft) (lb)/Btu

conversion constant, 1 ; r/30 (rad) (min)/(rev) (see)

approach velocity factor, defined by eq. (12-4)
rotative speed, rad/sec; rev/min

absolute pressure, N/m2; lb/ft 2

gas constant, J/(kg)(K); (ft)(lbf)/(lbm)(°R)

absolute temperature, K; °R

blade mean-section speed, m/sec; ft/sec

absolute gas velocity, m/sec; ft/sec

change in tangential component of absolute velocity be-
tween rotor inlet and exit, m/sec ; ft/sec

mass flow rate, kg/sec; lb/sec

compressibility factor, defined by eq. (12-5) or (12-6)

absolute flow angle, measured from axial direction, deg

torque, N-m; lb-ft

ratio of specific heat at constant pressure to specific heat at
constant volume

ratio of turbine-inlet total pressure to standard sea-level

pressure

function of specific-heat ratio, defined by eq. (12-12)

squared ratio of critical velocity based on turbine-inlet

temperature to critical velocity based on standard

sea-level temperature, defined by eqs. (12-10) and (12-13)

blade-jet speed ratio, defined by eq. (12-14)

density, kg/m _; lb/ft 3

Subscripts :

an

cr

eq
in

std

t

0

annulus

critical condition (at Maeh l)

equivalent

meter inlet

standard sea-level condition

meter throat

measuring station at turbine inlet
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1 measuring station at stator outlet

2 measuring station at turbine outlet

Superscript:

' absolute total state

PERFORMANCE
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